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Abstract:  A broad -band  dielectric  spectroscopy  of  the  ferrites  is  attempted,  The  ob- 


jective of  such  a research  is  defined,  the  language  of  dielectric  spectroscopy 
is  formulated  and  the  experimental  techniques  from  d.  c.  to  the  ultraviolet  are 
described.  Sections  3-11  discuss  the  physics  of  the  situation,  outlining  the  ex- 
isting information  on  the  frequency  dependence  of  ferromagnetic  response,  and 
reformulating  in  our  language  the  gyroscopic  effects  in  magnetization  phenom- 
ena, the  behavior  of  domain  walls,  and  the  possible  resonance  and  relaxation- 
type  responses  that  may  be  expected  in  polarization  and  magnetization  proces- 
ses. The  criteria  for  distinguishing  between  these  responses  are  considered. 

Measurements  in  the  optical  and  infrared  ranges  show  the  contributions 
to  the  low-frequency  dielectric  constant  of  the  electronic  and  atomic  polar- 
izabilities, the  latter  showing  sensitivity  to  cation  distribution  in  ferrites.  Con- 
ductivity measurements  at  microwave  frequencies  indicate  a loss  mechanism 
differing  from  the  normal  semiconducting  behavior  observed  at  lower  fre- 
quencies. Boundary -layer  effects  predominate  in  the  kilocycle  range.  The 
magnetization,  in  contrast,  varies  with  frequency  only  in  the  electrical  range. 
Two  main  dispersion  regions  can  be  distinguished  and  the  uncertainty  of  their 
interpretation  as  domain-wall  or  9pin -orientation  processes  is  partly  resolved 
by  evidence  from  the  nickel-zinc  ferrite  system  and  from  temperature  and 
time  effects. 

Dielectric  spectroscopy,  as  a mode  of  thinking,  can  obviously  contribute 
much  to  the  perception  of  ferromagnetic  effects  and  of  their  appraisal  in  proper 
perspective. 
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Introduction 

The  stirring  sequence  of  spectral  lines,  shown  by  individual  atoms  and 
molecules  and  described  by  the  Rydberg-Ritz  combination  principle,  led  to  an 
understanding  of  the  quantum  states  of  electronic  excitation,  vibration  and  ro- 
tation. These  resonance  spectra  of  individual  particles  extend  from  the  X-ray 
into  the  microwave  region.  By  condensing  gases  to  liquids  and  solids,  the  fre- 
quency range  of  the  electrical  engineer  from  microwaves  to  d.c.  fills  up  with 
absorption  spectra,  and  drastic  changes  occur  in  the  optical  spectral  range. 

The  characteristic  response  of  the  individual  particles  to  the  electromagnetic 
field  becomes  submerged  in  effects  of  mutual  interaction. 

In  consequence,  the  original  sharpness  of  the  resonance  response  of  atoms 
and  molecules  with  its  revealing  detail  is  supplanted  in  liquids  and  solids  by 
broad  resonance  and  relaxation  spectra  with  much  more  scrambled  information. 
Only  the  nuclear  and  paramagnetic  resonance  spectra  may  still  transmit  fine 
structure  and  hyperfine  structure  intelligence,  because  the  magnetic  spins  are 
loosely  coupled  to  their  surroundings. 

The  spectroscopist  has  always  considered  the  optical  range  from  infrared 
to  ultraviolet  as  his  domain  and  has  added  in  recent  years  microwave  and  mag- 
netic spectroscopy  as  far  as  they  are  concerned  with  resonance  lines  and  there- 
fore amenable  to  his  old  language.  The  electrical  engineer,  by  necessity,  has 
measured  the  dispersion  and  absorption  of  materials  from  d.  c.  to  microwaves, 
but  essentially  from  the  empirical  standpoint  of  knowing  these  characteristics 
for  applications.  Only  the  relaxation  3pectra  caused  by  the  orientation  of  per- 
manent electrical  dipole  moments,  first  interpreted  by  Debye,  have  become  an 
important  and  widely  used  source  of  molecular  information,  especially  for  chemi- 
cal problems. 

Obviously,  for  a true  understanding  of  liquids  and  solids  a much  broader 
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approach  is  needed,  encompassing  the  total  range  from  d.c.  to  X rays  as  a uni- 
fied stage  on  which  the  interplay  between  electromagnetic  fields  and  matter  is 
enacted.  This  we  call  "dielectric  spectroscopy." 

Background  information  for  this  broad-band  approach  has  been  obtained 
in  the  laboratory  for  Insulation  Research  over  a number  of  years.  In  the  range 
from  d.c.  to  microwaves,  the  "Tables  of  Dielectric  Materials"^  summarize  at 
intervals  our  measurements  of  frequency  and  temperature  characteristics  for 
important  dielectrics.  Electrical  and  optical  studies  are  undertaken  of  the  pres- 
sure broadening  of  spectral  lines  and  the  transition  from  the  gaseous  to  the  liq- 
uid state.  Electric,  magnetic,  optical  and  X-ray  methods  are  combined,  to  learn 
about  the  position  of  ions  and  the  motion  of  electrons  in  crystal  structures.  All 
of  these  measurements  provide  data  for  dielectric  spectroscopy. 

In  selecting  here  for  a first  overall  study  a case  of  great  complexity,  the 
ferrites,  where  polarization,  conduction  and  ferromagnetism  enter  simultane- 
ously and  in  intimate  interaction,  we  cannot  hope  in  this  report  to  make  more 
than  a start.  We  are  furthermore  well  aware  that  the  most  important  contribu- 
tions on  the  ferrites  have  been  made  in  other  laboratories.  But  by  placing  them, 
together  with  our  own  observations,  in  a larger  framework  we  will  try  to  show 
the  value  of  dielectric  spectroscopy  in  providing  a contour  map  of  the  areas  of 
knowledge  and  ignorance. 

1.  The  Language  of  Dielectric  Spectroscopy^ 

The  name  "dielectric,  " in  our  sense  of  the  word,  refers  to  any  material 
when  viewed  from  the  standpoint  of  electric  or  magnetic  response.  In  their  re- 
action to  sinusoidal  electric  and  magnetic  fields  dielectrics  are  characterized 

1)  Cf.  A.  von  Hippel,  "Dielectric  Materials  and  Applications,  " Technology  Press, 
Cambridge,  Mass.,  and  John  Wiley  and  Sons,  New  York,  1954. 

2)  See  A.  von  Hippel,  "Dielectrics  and  Waves,  " John  Wiley  and  Sons,  New  York, 
N.Y.,  1954. 
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by  complex  permittivity  and  complex  permeability, 

(1.1) 

P*=  p'  - jp"  • 

These  parameters,  the  real  permittivity  (dielectric  constant)  «'  and  permeability 
p\  describing  the  storage  of  electric  and  magnetic  energy  and  the  loss  factors 
«"  and  p"  its  dissipation,  are  measured  in  reference  to  vacuum  as  the  relative 
complex  permittivity  and  permeability 


L S K*  s K*  - iK" 


0 

K1 

1 

o 


(1.2) 


Hi — — r#  s if'  - IK11 

p “ m Km  J Km 


In  the  rationalized  mks  system,  used  here,  the  dielectric  constant  and  permeabil- 
ity of  free  space  are 


€o  = 3 ~ 8 • 854x10 [ farad/m] 
pQ  = 4trxl0  ^—  1.257x10  ^ [henry/m] 


(1.3) 


Their  product  determines  the  velocity  of  light  and  their  ratio  the  impedance  of 
free  space  as 

eg.  ...*  — si  3x10®  £ m/ sec  1 

«J<  p J 

| oo 


(1.4) 


120ir  si  376.  6 [ohmj 


Permittivity  and  permeability,  as  defined,  refer  to  isotropic,  linear  di- 
electrics; that  is,  an  electric  field  g creates  a polarization  £ and  a magnetic 
field  H a magnetization  M parallel  and  proportional  to  such  field.  The  electric 
flux  density  D and  the  magnetic  flux  density  ^ are  the  arithmetic  sum  of  field 
lines  and  dipole  chains, 
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2 = * JS  + £ = «§. 

* ° (1.5) 

$ a »\£  + “o*  B »*5  > 

and  the  parameters  « and  p simply  multiplication  factors.  If  they  are  complex, 
this  indicates  a temporal  phase  shift  between  the  acting  field,  E or  and  the 
dipole  moment  per  unit  volume,  P or  lg,  created  by  such  field.  The  product  of 
angular  frequency  and  electric-loss  factor  represents  a dielectric  conductivity 

cr  = we"  [ohm  * m *]  , (1.  6) 

which  may  correspond  to  a true  conductivity  created  by  migrating  charge  car- 


riers. 


Frequently,  alternative  sets  of  parameters  are  used  in  science  and  engi- 
neering, which  can  be  converted  to  and  p*  in  short  order.  The  propagation  of 


slectromagnetic  waves  is  described  by  the  complex  propagation  factor 

y s a + jp  - ju  Y>p*  , 


(1.7) 


with  a designating  the  attenuation  factor  and  p the  phase  factor  of  the  wave.  The 


intrinsic  impedance 


of  the  dielectric  represents  the  ratio  of  the  coupled  electric  and  magnetic  field 
components  as  to  amplitude  and  temporal  phase  for  an  infinitely  extended  ma- 
terial. Wavelength  X.  and  phase  velocity  v in  the  dielectric  are 


(1.9) 


The  ratio  of  wavelength  or  phase  velocity  in  vacuum  to  that  in  the  dielectric  ma- 


terial is  the  index  of  refraction 

X.  . X 
_ = o_e_  o 

n s X " v “ 17  P * 

and  the  attenuation  per  radian,  the  index  of  absorption, 


(1.10) 
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W - a 

2ir  " p 


(1. 11) 


The  indices  of  refraction  and  absorption  together  define  the  complex  index  of 
refraction 

n*  5 n(l  -jk)  , (1.12) 

which  the  physicist  uses  for  the  characterization  of  his  materials  in  place  of  the 
propagation  factor  of  the  engineer 

(1.13) 


. 2ir  * 

v = j r n 

Ko 


In  place  of  the  relations  between  flux  densities  and  fields,  measured  by 
permittivity  and  permeability  (cf.  Eq.  5),  it  is  frequently  c invenient  to  refer  to 
the  dipole  response  of  the  material  alone  by  introducing  the  electric  and  magnetic 
susceptibilities  ^ and  : 

i *.(«•  - «o)*  - x««$ 


X - rs  - «'  • 1 


o-* 


/ (*'  ' l^o  \ 


(1.14) 
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Xm=  IT  = Km 
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In  anisotropic,  linear  dielectrics,  £ and  Ig  do  not  point,  in  general,  paral- 
lel to  the  generating  fields;  hence  each  component  of  D or  B is  a linear  function 
of  the  three  space  components  of  E or  H as 


D1  = *11E1  + *1 2E2  + *13E3  * 
D2"  *21E1  + *22E2  + *23E3  * 


°3=  *31E1  + *32E2  + *33E3  ' 


and 


(1.15) 
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4 


»■ 


Si* 
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Bj  = + ^2H2  + ^13H3  ' 

B2  = ^Zl^l  + ^22H2  + ^?3H3  * 
B3  = ^31H1  + -*a32H2  + |a33H3  ' 


The  matrices  of  permittivity  and  permeability  characterizing  an  anisotropic  ma- 
terial have  the  symmetry: 


e. . = 6.. 
ij  Ji 


(JL.  . = - 11. . 
-1J  'll 


1 £ J • 


(1.16) 


The  «*  tensor  is  symmetric  because  of  the  purely  displacive  nature  of  the  polar- 
ization process;  the  skew  symmetry  of  the  off-diagonal  elements  of  the  p*  tensor 
derives  from  the  rotative  nature  of  the  magnetization  process  (see  Sec.  4).  A 
possible  maximum  of  six  independent  coefficients  of  permittivity  and  of  permea- 
bility therefore  exists.  How  many  are  actually  not  zero  and  different  from  each 
other,  depends  on  the  macroscopic  crystal  symmetry.  Frequently  more  useful 
for  the  molecular  analysis  are  the  corresponding  susceptibility  matrices. 


X = 


Xll  Xl2  Xl3 
X21  X22  X23 
X31  X32  X33 


(1.17) 


This  description  by  permittivity,,  permeability  and  susceptibility  coeffi- 
cients suffices  for  materials  in  which  each  dipole  moment  acts  on  its  own.  For 
ferroelectrics  and  ferromagnetics  the  situation  becomes  more  involved  because 
the  moments  line  up  spontaneously  forming  electric  or  magnetic  axes.  Changes 
in  position  cause,  in  general,  a crystal  deformation,  hence  a coupling  exists  to 
the  elastic  coefficients  of  the  crystal  structure  (piezoeffcct  and  magnetostriction). 
Furthermore,  the  reponse  to  external  fields  is  nonlinear  and  depends  on  the  pre- 
history of  the  sample  because  the  axes  form  domain  arrays  minimizing  the  field 


* 


energy. 


Ferroelectric s and  ferromagnetics  are  therefore  characterized  by  polar- 
ization and  magnetization  curves  depending  on  field  strength,  and  the  permittivity 
and  permeability  coefficients  here  used  designate  certain  slopes  of  these  character- 
istics (Fig.  1.1).  In  evaluating  these  "normal"  curves  and  hysteresis  loops,  cor- 
rections are  required  to  transform  from  the  applied  field  strength  E or  H to  the 
internally  acting  field  strength  E.  and  th  . The  shape  of  the  sample  enters  because 
the  free  poles  at  the  sample  boundaries  produce  depolarizing  and  demagnetizing 
fields.  For  ellipsoids  of  rotation  the  internal  field  is  homogeneous  and  derived 
from  the  applied  field  as 


« E.  = £ E - wP 

0 + 1 0+  + 

H.  = H - wM 

-+i  +>  -*■ 


(1.18) 


Fig.  1.1.  Magnetization  characteristics  of  a ferro- 
magnetic material,  indicating  the  para- 
meters commonly  used. 
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where  w is  a shape  factor  varying  from  zero  for  a long  needle  parallel  to  the 
field  to  1 for  sac  needle  perpendicular  to  the  field. 


2.  Measurement  Techniques  of  the  Laboratory  for  Insulation  Research 
a)  Quasi-static  magnetic  measurt  -nents 

Up  to  _+  2000  amp./m  (25  oersted),  normal  magnetization  curves  and 

hysteresis  loops  were  plotted  by  a quasi-static  fluxmeter  (Fig.  2.1),  developed 

3) 

by  Epstein  and  Frackiewicz  after  a design  by  Cioffi.  This  instrument  served 
also  for  tracing  the  initial  permeability  as  function  of  temperature  up  to  the  Curie 
point.  For  fields  up  to  400,  000  amp./m  (5,  000  oersteds),  the  normal  magneti- 
zation characteristics  could  be  determined  with  a null -coil  pendulum  magneto- 


Slidewire  * Magnetizing  winding 


Sensing  winding 


To  y axis 
of  recorder 


For  high  amplification  — 

at  dt 


To  x axis 
of  recorder 


whence 


as 

M 


Fig.  2.1.  Recording  flux  meter  for  quasi-static  magnetic  measurements. 


3)  P.  P.  Cioffi,  Rev.  Sci.  Insir.  2Ji_,  f>24  (1950);  D.  J.  Epstein  and  B.  Frackie- 

wicz, Prog.  Rep.  No.  XIV,  Lab.  Ins.  Res.,  Mass.  Inst.  Tech.,  Dec.,  1953. 


.grdcf  H' 


Fig.  2.2.  The  pendulum  magnetometer. 


4) 

meter,  designed  by  Domenicali  ' (Fig.  2.2).  Finally,  a vibrating-coil  magneto- 

51 

meter  has  been  developed  by  Smith  ' (Fig.  2.  3)  for  rapid  measurements  of  mag- 
natization  and  anisotropy  characteristics,  at  high  and  low  temperatures  and  high 
pressures;  it  determines  the  dipole  field  of  the  sample  at  a distance  outside  the 
oven  and  pressure  bomb. 

4)  C.  A.  Domenicali,  Rev.  Sci.  Instr.  21_,  327  (1950). 

5)  D,  O.  Smith,  Ph.  D.  Thesis,  Mass.  Inst.  Tech.,  1955. 
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Fig.  2.3.  Schematic  diagram  of  the  vibrating -coil 
magnetometer,  A uniform  magnetic  field 
is  perturbed  by  the  presence  of  a magnetic 
sample.  This  perturbation  induces  an  a-c 
voltage  in  the  vibrating  coil  proportional  to 
the  magnetic  moment  of  the  sample. 
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(a)  Circuit  for  four -terminal  measurement  of 
d-c  conductivity;  (b)  specimen  holder. 
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Fig.  L.  5.  (a)  Differential -voltmeter  circuit  and  (b)  specimen  holder  for 

four -terminal  a-c  measurements  of  dielectric  properties. 
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b)  Measurements  of  s*  by  four -terminal  methods 

In  order  to  avoid  boundary-layer  effects,  semiconductors  should  be  meas- 
ured, in  general,  by  a four -terminal  arrangement.  For  d.  c.  the  voltage 
drop  across  the  potential  electrodes  was  compared  with  that  across  a 10,  000- 
ohm  standard  resistor  (Fig.  2.4).  A-c  measurements  up  to  10^  cps  were  made 
either  with  a differential  voltmeter  circuit  (Fig.  2.5)  or  (in  order  to  avoid  the 
nonlinearity  of  the  electronic  components)  in  a potentiometer  circuit  with  the 
coupling  transformer  to  the  detector  tuned  to  resonance  to  provide  a very  high 
input  impedance  (Fig.  2.6). 

2 5 

c)  Measurements  of  t*  and  p*  at  low  frequencies  (10  to  10  cps) 

In  most  cases  the  permittivity  was  obtained  by  balancing  the  sample  capa- 
citor in  one  of  the  bridge  circuits  shown  in  Fig.  2.7.  For  permeability  determin- 
ations toroid  samples  with  windings  were  used  and  measured  with  a capacitance 
in  series  in  the  same  type  of  bridge  circuit  (Fig.  2.  8). 

5 8 

d)  t*  and  p*  in  the  medium  frequency  range  (10  to  10  cps) 

The  measurements  of  the  permittivity  on  lumped-capacitor  samples  were 

extended  by  the  use  of  a suaceptance  variation  circuit;  dielectric  constant  and 

loss  were  obtained  by  the  resonance  position  and  half-width  of  the  resonance 

curve  (Fig.  2.9).  For  toroids  in  permeability  determinations  this  technique  is 

inferior  because  the  distributed  capacitance  of  the  windings  enters.  Hence,  the 

c 

complex  permeability  was  obtained  on  coaxial  samples.  For  the  range  from  10 
7 

to  10  cps,  such  a sample  was  placed  on  a movable  aborting  plunger  in  a four - 

7 8 

arm  coaxial  bridge  (Fig.  2.10).  Between  10  and  10  cps  the  coaxial  sample 
could  be  measured  at  the  shorted  end  of  a fixed  line  sectic'  in  the  sample  arm  of 
a commercial  radio-frequency  bridge  (G.R.  916 -A  or  1601)  (Fig.  2.11). 

8 10 

e)  Measurements  in  the  high-frequency  range  (10  to  10  cps) 

8 9 

Between  >0  and  3x10  cps  «*  and  p*  wer.e  obtained  in  a coaxial  line  with 


Fig.  2.6,  Potentiometer  circuit  for  four -terminal  measurements. 

standing-wave  detector,  by  locating  a thin  sample  in  two  successive  measure- 
ments in  a region  of  high  magnetic  and  high  electric  field  strength  (short-circuit 
and  open-circuit  method)  (Fig.  2,12).  A d-c  magnetic  field  parallel  to  the  high- 
frequency  field  could  be  superposed  by  connecting  a current  source  across  the 
center  conductor!  At  higher  frequencies,  the  same  method  was  used  with  hollow 
wave  guides. 

f)  Measurements  in  the  optical  range 

The  absorption  cf  the  ferrites  in  the  optical  range  is  very  high.  The  spec- 
tra could  be  recorded  from  2000  to  about  10,  OOOA  by  a Cary  instrument  and  from 
i to  about  40  pi  by  an  IR-3  Beckmann  spectrophotometer,  equipped  for  the  far 
infrared  in  this  laboratory  with  KRS-5  optics.  For  a survey  study,  ceramic  or 
crystal  samples  were  pulverised  to  particles  of  the  order  of  0.1  to  1 p,  mixed 
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+ 


ACc 

aj2Cs(Cs  + ACc) 


Bridge  circuit  for  magnetic 

measurements  in  the  fre- 
2 5 

quency  range  10  to  10  cps. 


with  KBr  powder  and  pressed  to  nearly  transparent  specimens^  in  the  form  of 
disks  (ca.  1 cm  dia.,  2 mm  thick).  In  the  sample  holder  of  Fig.  2,13  the  temper- 
ature could  be  varied  from  -196°  to  +1U0°C.  In  addition  to  these  mixed  speci- 
mens, single  crystal  disks  were  measured  in  reflection  and  evaporated  layers  in 
transmission. 


3.  Background  Information  on  the  Frequency  Dependence 
of  the  Ferromagnetic  Response 

The  frequency  response  of  ferromagnetics  has  been  an  important  research 
problem  of  physics  for  more  than  fifty  years.  That  it  has  not  yet  been  solved  to 
general  satisfaction,  is  due  to  a variety  of  circumstances.  Befure’World  War  II 
the  investigations  concentrated  on  metals;  because  of  skin  effect  they  are  practi- 
cally opaque  in  the  decisive  frequency  region.  The  concept  of  a complex  permea- 

7) 

bility,  while  visualized  byArkadiew  ' pt  an  early  date,  had  not  been  clearly 

6)  M.  M,  Stimson  and  M.  J.  O'Donnell,  J.  Am.  Chem.  Soc.  74,  1805  (1952); 

U.  Schiedt  and  H.  Reinv.ein,  Z,  Naturforsch.  7B,  270  (1952). 

7)  W.  Arkadiew,  Physik.  Z.  14,  928  (1913). 


res.  (sample  out) 


Sample  out 


Sample  in 


vres. (sample  In) 


vres. (sample  out) 


AC  +C0 


ACy  Vres. (sample  out) 

" B — - — — J 

2Cq  Vre8i  (sample  in  ) 


Fie.  2.9.  Resonant  circuit  measurement  of  dielectric  properties 

5 8 

in  the  frequency  range  10  to  JO  cps. 

formulated  in  a language  common  tv-'  physicists  and  electrical  engineers  and  in- 
corporated into  the  electromagnetic  fitld  theory.  Techniques  for  measuring 
frequency  response  characteristics  were  not  sufficiently  developed,  especially 
in  the  microwave  region.  And  last,  not  least,  the  theory  of  ferromagnetism, 
after  a promising  start,  bogged  down  in  the  uncertainties  of  quantum-mechanical 
approximations. 

In  spite  of  these  handicaps,  a number  of  decisive  facts  were  established. 
Measurements  on  thin  wires  and  films  gave  a general  idea  of  the  dispersion  of 
the  initial  permeability  for  metals  (Fig.  3.1).  Optical  measurements  by  Hagen 
8)  J.  T.  Allanson,  J.  Inst.  Elec.  Engrs.  92^.  Part  III.  247  (1945);  C.  Kittel, 


Phys.  Rev.  70.  281  (1946). 
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Fig.  2.10.  Coaxial  line  bridge  for  use  in  the  frequency  range  10 


Fig.  2.11.  General  Radio  bridges  for  use  in  the 

7 8 

frequency  range  10  to  10  cps. 


Line  loss  neglected 


5 7 

to  10  cps. 
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Fig.  2.12.  Slotted  line  for  dielectric  and  magnetic  measurements 
using  a superimposed  constant  magnetic  field. 


and  Rubens 


9) 


on  the  reflectivity  and  emissivity  of  iron  and  nickel  between  1 and 


9)  E.  Hagen  and  H.  Rubens,  Ann.  Phys.  [iv]  11,  873  (1903), 


I 


Dewar  cell  for  infrared 
measurements  of  solid 
samples: 

(1)  flexible  bellows 
for  focusing  and 
centering  adjust- 
ments 

(2)  lens  or  window 
assembly 

(3)  reservoir  for 
cooling  - or 
heating  -bath 

(4)  micro  sample 
holder 

(5)  vacuum  line 


25  p showed,  at  an  early  date,  that  the  ferromagnetic  response  of  metals  dis* 
appears  in  this  infrared  region.  At  low  frequencies  the  existence  of  Barkhau 


t 


f 


1 

i 


Frequency { cps ) 


Frequency  (cps) 


Frequency (cps) 


Frequency  (cps) 


Fig.  3.1.  Permeability  values  for  iron  and  nickel  in  the  frequency  range  10  to 
10^  cps  plotted  from  the  accumulated  data  of  Allan9on  and  Kittel.^ 


noise*^,  and  its  correlation  to  domain-wall  motion  and  hysteresis  loops*^  made 
it  obvious  that  a dispersion  region  caused  by  domain  effects  must  exist  and  that 
this  dispersion  is  field-strength  sensitive.  A description  of  domain  walls  and 
their  motion  by  9pin  orientation  was  introduced  by  Bloch^,  while  the  possibility  of 
a resonance  phenomenon  in  ferromagnets  was  discussed  by  Landau  and  Lifshitz.*^ 


10)  H.  Barkhausen,  Physik.  Z,  2£,  401(1919). 

11)  K.  J.  Sixtus  and  L.  Tonks,  Phy9.  Rev,  37,  930  (1931). 

12)  F.  Bloch.  2.  Phys.  74,  295  (1932). 

13)  L.  Landau  and  E.  Lifshitz,  Physik,  Z.  Sowjetunlon  8,  135  (1935) 
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Much  has  happened  since  these  prewar  days  to  clarify  the  phenomena,  as 

well  as  to  underline  their  complexities.  Measurement  techniques  using  wave 

guides,  fi-st  introduced  in  the  early  days  of  the  war^,  have  made  the  micro- 

15) 

wave  range  accessible  by  a variety  of  precision  methods.  ' The  discovery  of 
nuclear^,  paramagnetic^  and  ferromagnetic^  resonance  has  led  to  a clearer 

understanding  of  the  gyroscopic  behavior  of  magnetic  moments  and  of  the  im- 

19) 

portance  of  magnetic  anisotropy.  ' The  demand  for  magnetics  of  superior  high- 
frequency  properties  caused  the  emergence  of  the  ferromagnetic  nonmetals  from 
obscurity}  this  development,  pioneered  by  Snoek,  Verwey  and  co-workers  of  the 
Philips  Laboratories2^,  has  lifted  the  eddy-current  screen.  The  combination  of 
magnetic  and  nonmagnetic  constituents  in  ferrites  leads  to  new  coupling  phenom- 
ena between  magnetic  moments,  as  N4el  first  recognized  in  antiferromagnetism21\ 
and  to  a new  freedom  of  making  magnetic  properties  to  order.  Much  additional  im- 
portant work  could  be  cited}  it  has  been  ably  summarized  in  recent  surveys.  22,  2^ 

14)  S.  Roberts  and  A.  von  Hippel,  J.  Appl.  Phys,  1_7 , 610  (1946). 

15)  Cf.  W . B.  Westphal  and  D.  J.  Epstein,  "Dielectric  Materials  and  Applications,  " 
Technology  Press,  and  Wiley  and  Sons,  New  York,  N.Y.,  1954. 

16)  I.  I.  Rabi,  Phys.  Rev,  51,  652  (1937);  E.  M.  Purcell,  H.  C.  TorreyandR.  V. 
Pound,  Phys.  Rev.  69,  37  (1946)}  F.  Bloch,  W.  W.  Hansen  and  M.  Packard, 
Phys.  Rev.  70,  474  (1946). 

17)  E.  Zavoisky,  J.  Phys.  (U.  S,  S.  R. ) 10,  170,  197  (1946). 

18)  J.  H.  E.  Griffiths,  Nature  158,  670  (1946). 

19)  C.  Kittel,  Phys.  Rev.  73,  155  (1948). 

20)  J.  L.  Snoek,  "New  Developments  in  Ferromagnetic  Materials,  " Elsevier, 

New  York,  N.  Y. , 1947. 

21)  L.  Nlel,  Ann.  Phys.  [ll]  5,  232  (1936);  [iz]  3,  137  (1948). 

22)  G.  T.  Rado,  "Ferromagnetic  Phenomena  at  Microwave  Frequencies,  " Ad- 
vances in  Electronics  II,  1950}  A.  FairweRther,  F.  F.  Roberts  and  A.  J.  E. 
Welch,  "Fcrrite/i,  " Rep.  Prog.  Phys.  i_3 , 142  (1952). 

23)  H.  P.  Wijn,  Lab.  Philips  Gloeilampcnfabrieken,  Separaat  2092,  1953. 
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The  question  of  the  frequency  response  of  ferrites  is  under  investigation 
in  various  laboratories.  Several  resonance  phenomena  (cavity^,  gyromag- 
netic^’  and  domain-wall resonance)  and  several  relaxation  phenomena^^ 
have  been  invoked  to  explain  the  observed  characteristics.  That  no  unanimity  has 
been  reached  in  these  interpretations,  is  not  surprising  in  view  of  the  complex- 
ity and  diffuseness  of  the  response  curves  (Fig.  3.  2)  and  the  variety  of  the  experi- 
mental and  theoretical  parameters. 

4.  Gyroscopic  Effects  in  Magnetization  Phenomena 
The  elementary  magnetic  moments  m of  a material  are  causally  related 
to  quantized  angular  momenta  p'  as 

m = \jj'  (4. 1) 

(y  is  the  gyromagnetic  ratio).  They  are  gyroscopes,  subjected  in  a magnetic  field 
H,  according  to  Newton's  law,  to  a torque 

T = |El  = mx^g  , (4.2) 

which  causes  a temporal  change  of  the  magnetic  moment 

■ar  3 v • (4>3> 

The  magnetization,  represented  by  the  additive  action  of  N dipole  moments  per 
unit  volume, 


M = Nm  , (4.4) 

obeys  therefore  the  equation  of  motion 


24)  F,  C».  Brockman,  F,  H.  Dowling  and  W.  G.  Steneck,  Fhys.  Rev.  77_i  85(1950). 

25)  J.  L.  Snoek,  Physical^,  207  (1948);  D.  Polder  and  J.  Smit,  Revs.  Mod. 


Phys.  25,  89  (1953). 

26)  W.  Ddring,  Z.  Naturforsch.  3A,  373  (1948);  R.  Becker,  J.  phys.  radium  1_2, 
332  ,1951);  G.  Tv  Rado,  R.  W.  Wright  and  W.  H.  Emerson,  Phys.  Rev.  80, 
273  (1950). 
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a)  Precession  in  static  field 

If  H represents  a static  field  applied  in  the  -t-z  direction, 

H = H = constant  , 

-*•  z 

Eq.  (4.5)  resolves  into  the  differential  equations 


2 2 „2  w 

■ y u H M 

1 r0  Z X 


(4.6) 


(4.7) 


a m , , , 

y 2 2„2W 

=-t  = - v u.  H M 

,,2  T ro  z y 


The  components  M and  M of  the  magnetization  act  like  lineal  oscillators  of  the 

x y 


resonance  frequency  (Larmor  frequency) 


w = - v u.  H 
o 1 ro  z 


According  to  the  coupling  equation 


~3r  = juoMx  = woMy  * 


(4.8) 


(4.9) 


these  two  oscillating  components  are  out  of  pha9e  by  90°  in  space  and  time,  hence 
add  up  to  a circular  rotation  in  the  x-y  plane.  The  magnetization  vector  M pre- 
cesscs  around  the  magnetic  field  axis  (Fig.  4.1). 


Fig.  4.1.  Undamped  precession 

of  magnetization  vector 
about  the  magnetic -field 
axi  s (y  < 0) . 


Fig  4.2.  Damped  precession  of  mag- 
netisation vector  about  the 
magnet)  c -field  axi  s (y  < 0) . 


mjttl  ■ 
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In  real  matter,  the  rotational  energy  of  the  Larmor  precession  will  be 
dissipated  by  such  effects  as  magnetic  dipole  radiation,  spin  interaction,  eddy- 
current  damping  and  magneto -elastic  coupling.  In  consequence,  the  magnetic 
momentum  vector  will  spiral  back  into  the  z direction  (Fig.  4.2).  This  tendency 
can  be  expressed  in  the  equations  of  motion  by  adding  to  the  rotational  torque  an 
erecting  torque  (Fig.  4.3), 


dM  , v . 

•ar  -v  - j^p-  [mx(mxhi] 

(M-H)M  „ 

= 1 [mx>.0h]  u[h  - ] 


(4.10) 


as  first  introduced  by  Landau  and  Lifshitz.^  In  the  absence  of  a precise  theory 
of  the  damping  mechanism,  the  factor  X must  be  regarded  as  a parameter  that  may 
depend  on  H and  M.  In  place  of  Eqs.  (4.7)  we  obtain  for  the  magnetization  com- 
ponents 


d^M  dM  , 

-rr  ♦ *a -ar  + “X + “o*  am  ■ o 


d^M  dM  , 

“TT  + XA  TT  + woMy  ‘ woVAMx  = 0 ' 


-L[MX(MXH>] 


'-I/KMXH) 


(4.11) 


Fig.  4,3. 

Torques  acting  on  magnetic  dipole 
precessing  in  a magnetic  field  H 
not  subject  to  damping. 
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where 


A = 


(M-H) 

ImF 


The  M and  M oscillators  are  now  attenuated  and  coupled.  In  addition  a mag 
x y 

netization  component  in  the  z direction  appears  as 


The  solution  is 


= 0 . 


M 


M 


= M cos  (w  t)  e 
o 'o' 

= M sin  (w  t)  e 
o 'o' 


at 


-at 


-2at 


e 


} 


(4.12) 


(4.13) 


a s \A 

By  introducing  the  erecting  torque,  the  oscillators  in  the  x-y  plane  remain  out  of 
phase  by  90°  in  apace  and  time  but  are  attenuated.  The  resonance  frequency  is 
a till  identical  to  the  Larmor  frequency  of  Eq.  (4.8).  However,  a time -dependent 
M component  haa  appeared  which  growa  asymptotically  to  the  total  value  M. 


b)  Superposition  of  a small  alternating  magnetic  field 
After  the  precession  of  the  magnetization  vector  ^ in  the  static  field 
has  died  away,  the  superposition  of  a small  alternating  magnetic  field 

AH  = UH)oejut  (4.14) 

again  causes  e precession.  Without  attenuation  and  by  including  only  first-order 
terms,  the  torque  equation  (Eq.  4.  5)  reads 


k 


dUM)  _ v 

dt  ’ 


AM  AM  M 
x y z 

u AH  u AH  u H 
ro  x ro  y ro  z 


(4.15) 


% 


that  is 


f 


d(AMj 


d(AMj 


= Wo  |^(AMy)Hz  - Mz(AHy)j 

■ Wo  [Mz(iH*>  - 
d(  AM  ) 


(4.16) 


Differentiation  and  substitution  leads  to  the  differential  equation 


d(AMx) 


d(AM  ) d(AH  ) 

— -j— i-  H - M — ■x.-JL 
dt  z z dt 


= V2t*oHz 


(4.17) 


By  introducing  the  Larmor  frequency  of  Eq.  (4.  8),  we  arrive  at  the  final  expres- 
sion for  the  magnetization  component  in  the  x direction 


AM  = 


uo  "H-  «w0 

-7-4  (AH  ) - j -7-4  (AHJ  = a(AHj  - j a(AHJ  ; 


u>  -u 
o 


u -u 
o 


and,  correspondingly,  for  the  y component 


(4.18) 


woTT  “oJT 

AMyST-T^Hy)+J“r-T 


(AH  ) s a(AH  ) + j 77  a(AH  ) , 


u>  -u 
o 


uo  ir 


w -u 
0 


where  a 5 


Both  field  components  in  the  x-y  plane  cause  a precession  of  the  Ig  vector 
around  the  field  axis,  H^.  For  very  low  frequencies  in  relation  to  the  Larmor 
frequency,  the  vector  practically  oscillates  in  the  direction  of  and  in  phase 
with  the  driving  field;  for  very  high  frequencies  (w  » uq),  the  magnetization 
vector  is  essentially  out  of  phase  by  90°  in  space  and  IR0°  in  time;  at  the  Larmor 
frequency  itself,  the  M vector  describes  a circular  precession  motion  in  the  x-y 
plane  (Fig.  4. 4). 
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(jj  » cu0 

Fig.  4.4.  Projection  in  thj  x-y  plane  of  the  motion  of  the  magnetization 
vector  (y  < 0)  under  the  influence  of  a constant  field  H and 
an  oscillatory  field  AH. 


Expressing  the  relation  between  the  magnetization  and  field  components 
by  a susceptibility  matrix  for  the  magnetic  susceptibility^  (cf  Eqs.  1.14  and 
1.17).  we  obtain  with  /n  = X22  = a'  and  X12  = “ XZ1  = " 3 ZT  a ' 

Xu  Xl2  0 

X21  X2E  0 (4.19) 

0 0 0 

If  attenuation  is  introduced  by  the  Landau -Lifshitz  torque  term,  we  find 
in  place  of  Eq.  (4,18)  for  the  same  first-order  approximation 


>m 


u w'  + X A + juX 

AM  = ■■■•  - ■ AH  - — r 

x T,  . , . aX2  x 2 


jucj' 


+ (ju  + XA) 


w0  + (jw  + XA) 


AH 


AM 


^ wo  + + 


7 *Hx  + 


+ \ A + jwK) 
w0  + (jw  + XA) 


AH 


w'  a - p y M_ 
’o  ■ z 


AM  = 0 
2 


(4.20) 
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Thus, 


where 


AMx  = a'(AHx)  - jb'(AHy) 
AMy  = a'(AHy)  + jb'(AHx)  , 


, M 
2 z 


w u1  + X.  A + jwX  o IT 
o z 


T3“  + + a) 


uQ  + (ju  + XA)‘ 


“q  + (ju  + a)2 


(4.  21) 


u + (ju  + a) 
o 

The  magnetization  components  are  coupled  to  the  exciting -field  components  as 

previously,  but  the  forced  oscillations  are  attenuated  and  their  resonance  fre- 

\!  2 2~ 

quency  has  been  raised  from  the  Larmor  frequency  to  y uq  + a , 

c)  Propagation  of  an  electromagnetic  plane  wave  through  a premagnetized 
dielectric* 

The  small  magnetic  disturbance  AH  of  the  preceding  section  is  coupled  ac- 
cording to  Maxwell's  equations  with  an  electric  field  A^  as 

9(  AB) 


V X (AE)  = - - 

3D 

V X (AH)  = 

**  at 


(4.22) 


Hence  an  electromagnetic  wave  travels  through  the  material,  assumed  here  to 


be  a plane  wave 


AE  = AE  e 

-e  -*o 


jut  - y(k0, r) 


AH  = AH  e 


jut  - y(k  • r) 


(4. 23) 


* The  discussion  given  here  of  the  gyroscopic  effects  is  a generalization  of  the 

27) 

well-known  derivation  of  Poirier  \ expressed  in  our  language. 

27)  D.  Polder,  Phil.  Mag.  [7]  40,  99  (1949). 
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The  unit  vector  k indicates  the  direc- 
tion  of  propagation;  r represents  a 
vector  pointing  from  some  origin  in- 
to space,  and  k°-  r is  a general  dis- 
tance co-ordinate  measured  along  the 
propagation  direction  (Fig.  4.  5).  The 
vectors  k°,  E and  H form  a right-hand 
screw  system. 

Introducing  the  plane -wave  so- 
lution, we  may  rewrite  Maxwell's 
equations 

-y(^XAE) 

/,  o, , . , 


Neglecting  attenuation  (u  - 0,  B = p'H,  D = »'E),  we  replace  the  propagation  fac- 
tor  y (cf.  Eq.  1.7)  by  its  phase  factor 


Y - JP  = J nf 


(4.25) 


and  obtain,  in  place  of  Eq.  (4.24), 


if  (i°x  as)  -n'ty 


^ (AHXk0)  = «'AE 
wX  -♦  ' ■* 

Substitution  of  AE  from  the  second  into  the  first  equation, 
(I?)2  [^°X(AHXk0)]  AH=«VAH 


(4.26) 


(4.27) 


leads,  since  «'p'  = s's^/c^,  to  a generalized  Maxwell  relation  (cf.  Eqs.  1.7  and 

1.10) 


n2  = ( = *'  *' 

V v I m 


(4.28) 


In  our  premagnetized  dielectric,  the  index  of  refraction  n will  depend  on 


T 


the  angle  0 between  the  direction  of  propagation  k°  and  the  z axis.  The  change 


in  magnetic  induction 


AB  = u AH  -t-  u.  AM  = uAH  , 
■>  ro  -*■  ro  -►  r -*• 


(4.29) 


according  to  Eq.  (4.19),  is  given  for  the  loss-free  material  by  the  permeability 


matrix 


Hence 


*11  *12  0 
*21  *22  0 


*11  *22  , 

— = — = (1  + a)  5 c 

ro  ro 


*12  a . *21 


■ j — a s - jc. 


*7*  = ClAHx  ' Jc2AHy 


(4.30) 


= jc2AH}.  + ClAH 


(4.31) 


= AH 


By  introducing  these  induction  components  into  Maxwell's  equations,  a 
general  equal.  ^ or  the  index  of  refraction  results 

.7  ? . f.  7 7 7 4 . ? ? 1 


t * 

K = 

m 2 

+ 


(c  j-tj-c^Ksin2  6)  +2cj + |(c2-r],-c2)2(sin4  8)+4c2  cos2  e| 


(c^ - 1)  (sin2  9)  + 1 


. (4.  32) 


For  any  angle  0 we  have  two  values  for  the  index  of  refraction,  that  is,  for  the 
magnetic  permeability.  The  expressions  become  especially  simple  for  the  prop- 
agation direction  parallel  to  the  magnetic -field  axis  (9  = 0),  where  two  circularly 
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polarized  waves  may  exist  with  indices 


n+  = K^ci  + c2^ 
n-  = K'^cl  ' c2)  : 


(4,33) 


and  for  the  direction  perpendicular  to  the  field  axis  (0  = tt/ 2) , where  two  linearly 
polarized  waves  may  propagate  with 


c.  c 

2 , C1  " c2 
n+  = * 

n2  = „■ 


(4.34) 


To  understand  graphically  the  meaning  of  this  double  refraction,  we  insert 
for  and  c^  in  Eq.  (4.  32)  the  values  previously  derived  (cf.  Eqs.  4.18  and  4,  30) 


Cj  - 1 + a = 1 + 
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wo  FT 
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(4.35) 


Thus 


2 , 
n+  <s  * 


2 Bz 


] + ~sin46 


)'qZ  i|wo)TF  2TT  sSn2e)  +(w«oir-co80)  ' 

V.  o g z g 

2[tlM!  , 2 2 
“oV*-^31"  erw 


.(4.36) 


In  the  general  case,  the  role  of  the  Larmor  frequency  uq  has  been  taken  over  by 
a modified  resonance  frequency 

f Mz  2 l'^2 

“o  !u.i"r  9 j ' 37) 

which  depends  on  the  angle  between  propagation  direction  and  magnetic-field  axis. 
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In  the  special  cases  of  parallel  or  perpendicular  incidence  we  obtain 

UL  - + uf 

r\  r> 

2 


and 


(for  9 = 0) 


(for  0=5) 


in 


= K' 


2 2 2 Mz  / oj  \ 

Jo  ‘ “ + J 
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(4.38) 
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At  the  resonance  frequency,  the  value  n^  becomes  infinite  and  that  of  n^  equals  s', 
Let  us  visualize  the  situation.  Propagation  direction  and  magnetic-field 
axis  (z  direction)  together  designate  a plane  of  incidence,  the  x-z  plane  of  Fig.  4.8. 
The  magnetic  field  AH  has  a component  AH^  normal  to  this  plane  pointing  always 
in  the  y direction,  while  the  component  parallel  to  the  plane  AHp  is  composed  of 
components  in  the  x and  the  z direction! 

AH  = AHn  + AHp  , 


AH  = AH  cos  0 
x p 

AH  = AH 
y n 

AH  = AH  sin  0 
z p 


(4.39) 


If  the  incident  wave  is  linearly  polarized  at  45°  to  the  plane  of  incidence 
(AHp  = AHn),  the  case  of  parallel  incidence  (9  = 0;  Eq.  4.33)  corresponds  to  AHx  = 
AHy.  This  linearly  polarized  incident  wave  may  be  split  into  two  circularly  polar- 
ized waves  of  l/2  amplitude,  the  one  rotating  in  the  direction  of  the  precession 
motion  (+u),  the  other  counterclockwise  (-u).  The  two  indices  of  refraction, 
and  n^,  refer  to  these  two  waves.  The  clockwise  circularly-polarized  wave  exer- 
cises the  torque  discussed  in  4b,  as  can  be  verified  from  Eq.  (4. 18)  by  rewriting 

M 


. M 

u0  t r + ir 

AM  = ~2 2 — - AH 


(4,40) 
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The  relative  magnetic  permeability,  in  accord  with  Eq.  (4.  38),  is 
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Direction  of 
propagation 


, ‘S£ue  wlve  on  an  ani.rt.ople  dielectric  medium 

4.6.  Incidence  of  an  electromagnetic  wave 
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a ir-radav  effect  used  in  gyraters. 

2 presents  the  microwave  Far acay  eue 

The  case  P component,  until 

, " . of  the  anile  6 lead,  to  a weakening  ol  the  aH,  comp 

Increaee  of  the  angle  component  come.  Into  play, 

„ „ ac-ooeare.  As  a replacement,  the  OH,  tempo 

“ 9 = ' . etliei  t0  saturation  in  that  direction,  thie  component 

but  as  the  rn.ter.al  >s  magn  m„eriaHn  thte  first-order  approxi 

doe,  not  contribute  to  the  m.gnetl.at, on 

au  vwaaonptization  produced  by  the  anQ  y 

mation.  In  consequence,  e g Since  the  diver  - 

,e  he.  . component  in  the  direction  of  propagation  (AMD- 
ponents  ? , magne.ia.ticn  component  produces  a 

genet  of  B must  be  aero,  this  longuu 

longitudinal  field  component  (4.4Z) 

='^  / 1 

, „„r  strictly  a ir.n.v.rsc  wave.  This  expresses  .«•» 
that  is.  the  wave  is  no  longer  strictly 
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in  an  increase  of  the  Larmor  frequency.  At  9 = f/ 2 we  have  to  substitute  for  u1. 


the  term  , where 


u = - u v H 
o 'o'  z 


“i  = -yb 


(4.43) 


'1  1 z 

That  for  parallel  incidence  a term  proportional  to  u appears,  while  for 
perpendicular  incidence  it  is  absent  (cf.  Eqs.  4.38),  results  from  the  fact  that 
in  the  former  case  both  field  components,  aH  and  aH  , magnetize  normal  to  the 

x y 

propagation  direction  and  in  the  latter  case  only  the  AH^  component.  Thus  for 
parallel  incidence  the  magnetization  contains  a contribution  caused  by  the  field 
component  normal  to  its  direction,  and  this  contribution  varies  according  to 
Eq.  (4. 18)  proportionally  to  u. 

If  we  introduce  attenuation  through  the  Landau -Lifshitz  torque,  the  real 
permeabilities  of  Eq.  (4.30)  have  to  be  replaced  by  the  complex  permeabilities 
(cf.  Eq.  4.21) 


*11  *22  ,v  , 


u.  u 
ro  r0 


*1 2 *21 
rrs  — = -Jb’  ■ 
*0  *0 


(4.44) 


and  the  index  of  refraction  of  Eq.  (4.  32)  has  to  be  discussed  by  substituting  cj  and 
c2  *or  C1  and  c2'  re9onance  frequency  of  the  Faraday  effect  for  parallel  Inci- 

\I~~Z  2 

dence  now  shifts  to  j + a and  the  absorption  shows  a line  width  2a  (Fig.  4.  7). 


5,  Domain  Walla 

As  the  Curie  point  of  a ferromagnetic  is  approached  from  higher  temper* 
ature,  the  elementary  spins  spontaneously  align  in  long  dipole  chains  and  satur- 
ation magnetization  ^ develops  in  a preferred  crystallographic  direction.  Sev- 
eral equivalent  lattice  directions  are  available  and  are  normally  chosen  by  the 
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Fig.  4.7.  Disper  sion  of  permeability  for  a clockwise,  cir cularly -polarized 
wave  propagated  along  the  magnetic-field  axi9. 


magnetic  axes,  in  order  to  produce  a domain  pattern  approaching  a constellation 
of  minimum  free  energy.  The  domain  walls  separating  adjacent  spin  arrays  of 
different  orientation  are  transition  regions  of  finite  thickness  through  which  the 
spins  change  their  direction  gradually  (Fig.  5.1) 
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a)  Wall  statics  1 

For  a simple  calculation  one  assumes  a wall  of  infinite  extent  in  the  y ard 


z directions,  of  a thickness  d in  the  x direction,  and  the  spins  at  both  sides 
beyond  x = 0 and  x = d lined  up  in  the  +z  and  -z  direction,  respectively.  The  in- 
finite side -wise  extension  of  such  a 180°  wall  keeps  the  spins  orientated  in  the 
y-z  planes,  as  long  as  no  external  field  acts,  because  thus  they  may  form  endless 
dipole  chains  and  avoid  creating  a demagnetizing  field.  If  9 designates  the  angle 
between  a spin  moment  m and  the  +z  direction,  the  spin  components  are 


m = 0,  in  = m sin  9,  m = m cos  9 
x y z 


(5.1) 


The  alignment  angle  0 of  the  spins  in  the  wall  changes  as  f(x). 

As  the  ferrites  considered  here  are  cubic,  the  anisotropy  energy  of  the 
spins  must  have  cubic  symmetry,  If  a^,  a^,  designate  the  direction  cosines  of 
the  magnetization  in  reference  to  the  three  axes,  the  magnetic  anisotropy  energy 
in  a layer  of  unit  cross  section  and  of  the  thickness  dx  is  in  first  approximation 


AWa  = + a?a3  + Oja^dx  = K^ejdx  , (5.2) 

with  the  first-order  anisotropy  constant.  The  anisotropy  energy  increases 
with  the  thickness  of  the  wall,  because  more  spins  are  thrown  out  of  optimum 
alignment. 

The  exchange  energy  per  unit  area  of  the  wall  between  neighboring  spins 
deviating  by  small  angles  9 is  for  the  same  layer  element 

MVc  - A [(Va/  + (7o/  + (7n3)2  ] dx  ■ A(g)  dx  ; (5.3) 

A represents  the  exchange  factor^  for  spins  placed  uniformly  in  a cubic  array 

with  inttice  distance  a.  If  it  is  assumed  that  the  spin  orientation  changes  uniform' 

dd 

ly  from  9 = 0 to  0 ~ tt  across  the  wall  thickness  d,  -r—  = na/d,  and  we  obtain 


T 


t 
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AW  = A • d ~ T 

„ e j 4 d 

o d 


(5.4) 


Thus  the  larger  the  wall  thickness  d,  the  smaller  the  exchange  energy. 

Consequently,  the  wall  adjusts  itself  to  a certain  thickness  and  bunching  of 
spins  by  balancing  the  two  energy  terms 

'd  /»d  , ..,2 


Kj  / £(0)  ■ dx  = A (gf  dx  : (5.5) 

*0  *o 


that  is, 


al=  • 


(5.6) 


Hence  the  wall  energy  becomes 


Wg  = 2K 


J 


£0) 


dx 


dQ  = 


2K^ 


J Yfiieide 


(5.7) 


with 


(5.8) 


6 a |/£T 

designating  the  wall -thickness  parameter . ^ 

In  any  but  an  ideal  case,  these  energy  terms  will  be  modified  by  magneto- 
striction and  residual  strains. 


b)  Wall  dynamics  29) 


The  application  of  an  external  field  H produces  a torque  on  the  magnetic 
spins  in  the  wall  proportionally  to  sin  8.  Since  the  spins  are  gyroscopes,  a pre- 
cession around  the  z axis  tends  to  develop,  carrying  the  spins  out  of  the  y-sc 
planes.  Because  the  spins  are  coupled  Bnd  staggered,  an  actual  precession  can- 
not take  place,  but  a wall  deformation  results  producing  a magnetization  in  the  x 


* Strictly  speaking,  the  wail  lacks  precisely  defined  limits,  and  the  integra- 
tion should  be  taken  between  - oo  and  + oo  , 

29)  J.  K.  Galt,  J.  Andrus  and  H.  G.  Hopper,  Revs.  Mod.  Phys.  25,  93  (1953). 
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direction.  This  component  creates  a closing  field 

Hx=  Mx  <5'9> 

because  div  Bx  = 0 (div  B^  and  div  Bz  are,  a priori,  zero  for  a wall  of  infinite 
sidewise  extension). 

The  torque  exerted  by  H , and  hence  the  wall  distortion  and  the  M com- 
ponents  are  a maximum  in  the  middle  of  the  wall,  where  the  closing  field  may 
be  appreciably  larger  than  the  applied  field  H . 

A second  precession  motion  about  ensues,  and  this,  coupled  with  the 
damping  torques  directed  towards  H and  H according  to  the  Landau -Lifahitz 
expression  erects  the  moments  into  the  z direction  and  causes  the  wall  to  move 
in  the  x direction. 

The  structure  of  the  wall  is  assumed  to  remain  unchanged  during  trans- 
lation, while  the  individual  spins  are  left  behind  just  as  particleB  in  any  wave 
motion.  For  the  individual  dipoles  the  instantaneous  angular  velocity  for  pre- 
cession around  the  x axis  is  given  by  (cf.  Fig.  5.1  and  Eq.  4.8) 

uo5  ar = "YfAoHx  - 

and  determines  the  translation  velocity  v as 


d6  dG 

“ar  " as  ’ 


v 


(5.11) 


hence  (cf.  Eq.  S.  6) 

h = jl  p = • £5ii 

x u v “ p y o 
o • o 


(5.12) 


In  moving  a unit  distance,  the  potential  energy  of  the  system  1 a reduced  by 
the  reversal  of  moment  2M  per  unit  area  of  wall.  The  associated  energy  2p  MH 
must  be  transferred  to  the  lattice  by  the  damping  mechanism  operating  on  the 
precessing  dipole  moments  in  the  will.  This  mechanism  gives  a dissipation  rate 
p H • Oi  p V.H^  , according  to  Eq.  (4.10),  since  for  low  damping  H >>  H in 
the  center  of  the  wall.  The  consequence  of  the  introduction  of  the  LBndau-Lifshitz 
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term  is  to  give  a rate  of  damping  which  increases  with  wall  distortion,  and  hence 
with  wall  velocity. 

The  equilibrium  velocity  is  given  by  the  balance  of  the  rates  of  energy 
creation  and  dissipation 


2MH  u v 

7,  0 


dx  = 


whence 
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(5.13) 


(5.14) 


de 


The  wall  distortion  giving  rise  to  Hx  involves  an  increase  in  the  energy 
stored  in  the  wall  structure.  This  added  distortion  energy  is  given,  per  unit 
area,  by 


AW  = -■ 


v2  *o 

= T 
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The  coefficient  of  v2/2  may  be  interpreted  as  an  effective  wall  mass 

(5.1b) 

When  a wail  is  stabilized  in  position  by  the  presence  of  impurities,  cavities, 
stress  patterns, etc. , a restoring  force  of  the  type  Fx  = - lot  exists  for  small  dis- 
placements.^' Thus  the  equation  of  motion  of  the  wall  may  be  written  as  that 
of  an  harmonic  oscillator  of  the  maBS  m subjected  to  a frictional  damping.  Since 
this  damping  ieads  to  the  constant  velocity  v for  the  free  wall,  as  given  in  Eq. 
(5.14),  the  damping  constant  is 


a - driving  force 
**  " velocity 


2MuH 


o z 


- Km 


(5.17) 
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In  consequence,  the  trapped  wall  obeys  the  harmonic  oscillator  equation 

mx  + 3x  + kx  = 2p.  MH  , 

r 0 Z 


(5.18) 


- f 

i 6 J 

0 "Q 


^£(9)d9  b \m 


If  H = |h  I e^ut,  the  apparent  susceptibility  AM  /H 


this  motion,  becomes 


AM  4pm21/ 

z _ o 

Xz  5 "H 2 r~T 

z u - u r jwV 
o 


corresponding  to 


(5.19) 


where  u = k/m  and  i in  the  width  of  the  specimen.  The  ratio  of  dynamic  to  static 
0 ' 

susceptibility  is  therefore 


Xz  u0  _ k 

— = — » g — 2 

Xg  - u + jwX.  k - mu  + jup 


(5.20) 


This  resonance  response  approximates  in  the  case  of  dominating  damping  (fj»mw) 


a relaxation  response 


Xz  ^ k _ 1 

k + jwjS  " 1 + jut 

Xg 


(5,21) 


with  the  relaxation  time  T = & 


6,  Effective  Field  and  Spin  Resonance 

In  Eq.  (4.8)  we  assumed  that  the  Larmor  frequency  is  determined  by  the 
applied  field  K^.  This  is  true  only  in  isotropic  magnetic  media  without  domain 
and  crystal  boundaries. 

a)  Anisotropy  effect 

Normally  we  deal  with  magnetically  anisotropic  materials  and,  as  Kittel 
first  showed,  an  "effective’1  field  results  from  the  restoring  torque  exercised  on 
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the  magnetic  moment  vector  when  it  is  deflected  from  the  direction  of  easy  mag- 
netization. This  torque  can  be  calculated  from  the  change  of  the  anisotropy  energy 

(cf.  Eq.  5.  2)  and  leads  to  an  effective  field  expression  for  a single -domain  crystal 

19) 

of  spherical  shape  and  cubic  crystal  symmetry  ' 

2K1  P i 

H ff  = — 1-7—  for  positive  (easy  direction  [_100j  ) 

e ^o  s 

and  (6.1) 

3K1 

Heff  = " HTTvi-  for  negative  (easy  direction  [ill]  ) . 

^o  s 

4 3 

For  = -6.2x10  joules/m  at  room  temperature  (nickel  ferrite),  becomes 
ca.  28,000  amp./m,  that  is,  the  Larmor  precession  resonance  should  occur  ap- 
proximately at  1000  Mc/sec. 

b)  Shape  factor 

For  ellipsoids  the  position  of  minimum  energy  for  an  isotropic  ferromag- 
netic is  the  direction  of  the  long  axis,  because  the  smallest  demagnetizing  field 
results  (cf.  Eq.  1.18).  Hence,  deviation  of  the  magnetization  from  this  direction 
gives  rise  to  a torque  tending  to  restore  the  minimum  energy  state.  Expressed 
in  terms  of  an  effective  field,  for  a single-domain  ellipsoid,  polarized  in  the  z 

direction  by  a field  H , one  obtains3®^ 

z 

H«(f  ■ [».  + l»*  ■ *'.)  ] 1/2  k + <"y  - «.)  MJ  1/2  ■ ^ 2> 

The  maximum  value  is  reached  for  a long  needle 

H„H  * Hz  * 7 M.  ■ l6-  3> 

c)  Induced  moments  on  domain  boundaries 

An  even  greater  effective  field  may  be  obtained,  as  Folder  and  Smit 
25) 

showed  ',  by  demagnetizing  fields  which  may  arise  on  domain  boundaries, 

Figure  6.1  shows  an  x-y  cross  section  through  a ferromagnetic  body  containing 
30)  C.  Kittcl,  Phys.  Rev.  71,  270  (1947). 
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a 180°  domain  orientated  in  the  + z 
direction  with  thin  walls  in  the  z-y 
planes.  Application  of  an  oscillatory 
field  in  the  +x  direction,  that  is,  per- 
pendicular to  the  wall,  produces  a 
Larmor  precession  around  the  z di- 
rection with  the  sense  of  rotation 
opposite  in  the  up-and-down  domains. 

In  consequence,  the  poles  created  in  the  x direction  at  the  walls  appear  in  phase 
and  therefore  add  to  dipole  chains,  producing  the  normal  shape  magnetization 
factor  w^  of  the  overall  body.  The  poles  created  in  the  y directions  are  in  op- 
position and  their  demagnetizing  effect  cancels  (w  = w , w = 0,  w = 0). 

xeff  * yeff  z 

If  the  oscillatory  field  stands  in  the  + y direction,  on  the  other  hand,  the 

free  poles  induced  on  the  domain  wails  pile  up  in  alternating  sheets  and  lead  to 

very  strong  closing  fields  in  the  individual  domains  (w„  = 1;  w = w ; w * 0). 

*eff  yeff  y z 

Since  the  shape  factor  in  the  y direction  can  vary  between  0 and  1,  the  highest 

effective  field  would  arise  in  a body  very  short  in  the  y direction  (w  =1).  The 

yeff 

total  effect  in  this  case  is  equivalent  to  Heff  = + Mg  as  far  as  the  Larmor  fre- 

quency is  concerned  (cf.  Eq.  6.2). 

The  field  action  of  induced  moments  invoked  by  Polder  and  Smit  can  be 
generalized;  any  domain  arrangement  pointing  at  various  angles  to  an  applied 
oscillatory  field  should  produce  a distribution  of  Larmor  frequencies. 

7.  Structure  of  Ferrites 

The  ferrites  considered  here  have  the  spinel  structure,  a closest-packed 
cubic  array  of  O^"  spheres  with  compensating  cations  in  interstitial  positions. 
Adjacent  to  each  oxygen  ion  are  14  interstices:  6,  located  in  the  cube -edge  direc- 
tions, surrounded  by  six  oxygen  ions  (ocatahedral  sites),  8 placed  in  the  space - 


Fig.  6.1.  x-y  projection  of  a domain 

pattern  leading  to  a modified 
resonance  frequency.  25) 
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Fig.  7.1.  (a)  Cation  positions  surrounding  oxygen  ions  arranged 

in  a close-packed  lattice;  (b)  the  cation  positions 
occupied  in  the  ferrite  lattice. 


diagonal  directions,  surrounded  by  four  oxygen  ions  (tetrahedral  sites)  (Fig.  7.1), 
The  prototype  of  these  ferromagnetic  spinels  is  magnetite  (Fe^O^.  Here 
each  anion  is  balanced  by  3/4  of  a cation;  hencef  placing  around  each  oxygen  "a" 
cations  in  the  octchedral  and  "b"  cations  in  the  tetrahedral  positions,  we  have  to 
fulfill  the  condition 


a . b . 3 
S+?"T  ’ 


that  is, 


a = 3,  b e 1 
or 

a ■ 0,  b = 3 

The  cations  repel  each  other  and  therefore  should  be  placed  at  maximum  possible 
separation,  if,  in  addition,  we  require  that  a repetition  of  the  oxygen-cation  con- 
figuration in  space  should  produce  a symmetrical  and  stable  lattice  structure,  the 
observed  unit  cell  of  magnetite  is  obtained  with  32  oxygens  and  24  cations  in  the 
arrangement  a = 3,  b = i.  The  unit  cell  comprises  8 Fe.jO^  groups  (Fig.  7.  2).  ^ 
31)  ,T.  H.  Epstein,  MS  Thesis,  Mass.  1ns.'.  Tech.,  1954. 
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Fig.  7.2.  Ferrite  unit  ceil:  (a)  occupied  cation  sites;  (b)  cation 
sites  as  occupied  in  ordered  magnetite  structure*. 
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Thus  far  we  pretended  that  each  iron  ion  has  the  valence  Fe®^3+.  Actually, 
a chemist  would  write  for  magnetite  Fe?04  = Fe2+  Q2'  Fe3  + O2"  , that  is,  pos- 
tulate 8 ferrous  and  16  ferric  ions  per  unit  cell.  In  structures  of  the  spinel 
type,  the  distribution  of  cations  over  the  permissible  sites  may  lie  anywhere  be- 
tween the  two  extreme  cases  of  8 divalent  ions  on  tetrahedral  sites  and  16  trivalent 
ions  on  o.<.ahedral  sites  (normal  spinel)  or  8 trivalent  ions  on  tetrahedral  sites 
and  the  remaining  8 divalent  and  8 trivalent  ions  on  octahedral  sites  (inverse 
spinel),  The  physicist  finds  that,  in  magnetite,  8 Fe3+ions  are  located  in  tetra - 

hedral  sites  (inverse  spinel),  but  the  sixteen  remaining  cations  in  the  octahedral 

3 + 

sites  can  be  separated  only  artificially  at  room  temperature  into  8 Fe  and 

8 Fe2+  ions  (Fig.  7.  2a).  The  electron  exchange  between  the  ferrous  and  ferric 

ions  at  identical  lattice  sites  is  so  rapid  (as  the  high  conductivity  of  magnetite 
2 -1  -1 

testifies;  ff  a 10  ohm  m ),  that  an  average  charge  of  +2,  5 should  be  assigned 
to  these  iron  atoms  in  octahedral  positions. 

Each  iron  ion  is  the  carrier  of  a magnetic  moment;  hence  the  two  different 
cation  sites  form  two  magnetic  sublattices.  According  to  N4el21\  the  coupling 
between  the  tetrahedral  and  octahedral  sublattices  tends  to  enforce  antiferromag- 
netism; thus  the  saturation  magnetization  of  magnetite  at  0°K  should  correspond 
to  that  of  the  ferrous  ions  of  the  chemical  formula.  The  ordering  of  the  magnetic 
moments  of  the  cations  is; 


Filled  cation  sites 
per  unit  cell: 

Octahedral  (16) 

A A 

Tetrahedral  (8) 

Resultant  moment 

Magnetic  moment 
ordering 

8 Fe*+|  8 Fe+++| 

8JT,+++| 

8 Fe++f 

Near  -160°C  an  electronic  order -disorder  transition  is  observed;  the  electron  ex- 
change between  FeZ+  and  Fe3+  has  slowed  down  so  much  that  the  lattice  can  respond 
to  the  whereabouts  of  the  electrons  by  distortion  snd  freezes  in  an  ordered  Fe2+Fe3  + 
structure.  In  Ne'el’s  sense,  we  should  now  distinguish  between  three  magnetic  sub- 
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lattices  (cf.  Fig.  7.2b).  By  substituting  other  cations  for  Fe^+  and/or  Fe3+,  a 
tremendous  variety  of  ferrite-type  materials  can  be  made  in  which  tne  resulting 
magnetic  properties  depend  in  a complicated  manner  on  the  spin  interactions  in 
and  between  such  sublattices. 

A satisfactory  physical  analysis  of  the  ferrites  requires  accurate  know- 
ledge of  the  cation  distribution,  of  the  electron  exchange  between  multivalent 
ions,  and  of  the  origin  and  coupling  of  the  magnetic  moments.  In  this  connection 
it  must  be  considered  that  a purely  ionic  description  of  the  structure  may  not  be 
justified.  Furthermore,  the  magnetic  anisotropy  of  the  materials  enter  s:  the 
magnetic  moments  tend  to  align  themselves  in  prefer ential  crystallographic 
orientations.  Table  1 summarizes  room  temperature  observations  of  magnetic 


Table  7.1.  Magnetic  anisotropy,  magnetostriction,  and 
Curie  temperatures  of  various  ferrites. 


Kj,  (joules/m3) 

\ 

T 

c 

Temp. 

LiFe^Og 

- 

590°C 

MnFe^O^ 

- 2,  600 

- 

295 

Mn0.45Zn0.  55Fe2°4 

- 380 

- 

1 00 

re3o4 

-11,  000 

41*10-6 

5B0 

CoFe204 

5 

ca.  +1 0 

ca.  -200xl0’6 

515 

NiFe204 

- 6,  200 

- 

600 

CuFe204 

- 

- 

410 

anisotropy  and  the  Curie  temperatures  for  some  simple  ferrites.  It  alno  in- 
dicates the  magnetostriction;  the  relative  change  in  length  of  a polycrystalline 
specimen  accompanying  magnetization. 
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Dielectric  Analysis 


8 . Broad-Band  Spectroscopy 

At  first  sight,  the  broad-band  spectrum  of  a ferrite  evokes  a feeling  of 
complexity  and  inarticulation  (Fig.  8.1).  A number  of  effects  appear  superposed, 
and  some  analytical  approach  is  needed  to  reduce  the  integrated  characteristic  in- 
to its  components.  Remembering  that  interaction  effects  in  macroscopic  systems 
lead  to  resonance  and  relaxation  spectra,  we  may  try  to  dissolve  the  frequency- 
response  characteristic  into  a meaningful  sequence  of  resonance  and  re’axation 
spectra  and  to  check  and  correct  such  a tentative  analysis  by  further  experiments. 
This  procedure  requires  a fingertip  feeling  for  revealing  trends  in  the  experi- 
mental curves.  By  focussing  on  the  detailed  shape  of  resonance  and  relaxation 
characteristics,  one  acquires  some  experience  for  this  purpose. 


9.  Resonance  Spectra 

(a)  Permittivity 

While  there  is  no  certainty  that  the  behavior  of  a physical  system  showing 
a resonance-type  absorption  can  be  described  in  terms  of  a simple  circuit  of  in- 
ductive, capacitive,  and  resistive  eierhentB,  it  is  helpful  to  start  with  such  equi- 
valent circuits.  For  example,  the  admittance  of  a capacitor  filled  with  a lossy 
dielectric  may  be  represented  by  (Fig.  9.1) 


Y_._  = jws*C  = 
cap.  * o 


1 


R t JwL  + 


+ jwC 


(9.1) 


•JEC 


with  Cy  the  air  capacitance  of  the  condenser.  Thus 


x*=  **  -l  = nr 


i 


„ i — r~r  < 

o u»Q  - w + juZa 

with  the  static  value  = - - - Z = §-  1 = -f==  i * = ^ 

LC  uj  c f LC 

o o T 

dynamic  to  static  permittivity  for  this  equivalent  circuit  is  therefore 


(9.2) 

The  ratio  of 
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w - Li  + jw2a 
o 


It  2 2, 

w0(wo  ' w ' 


1 - w 


v,  / 2 2,2  w,  ,2  2,2  , W,  2 

Xs  (wc  " u ) + (2acJ)  U " w ) + (q) 

X _ ^ 2Mo“a  Q 

Xs  (uo  - wV  + (2aw)2  (1  - wV  + (q)2 

In  the  right-hand  expressions  of  Eq.  (9-3),  the  relative  frequency  w and 

the  "Q"  of  the  resonance  circuit  have  been  introduced  as  normalizing  parameters: 

w = u/uQ,  Q = w 0/21.  The  shapes  of  the  normalized  dispersion  and  absorption 

curves  for  this  resonance  polarization  are  shown  in  Fig.  9.1  with  Q parameters 

of  10,  2,  and  1.  The  out-of-phase  components  balance  for  « = uo>  while  the  in- 

2 2 2 

phase  component  (loss  factor)  reaches  a maximum  when  u u - a . 

(b)  Permeability 

Similarly  a coil  of  the  air  inductance  LQ,  when  filled  with  a material  show- 
ing resonant -type  magnetic  losses,  may  be  represented  by  the  circuit  of  Fig.  9.  2 


= .MIL  = 


juiL^l  + jwRC) 

1 ~ u^LC  + jwRC 


+ juL 


(9.4) 


Hence 


• r WQ  + ju2o 

y = *•  . 1 = L ___° 

/*m  m L 2 2 , , , 

o - u + ju2q 

with  the  static  susceptibility  value  V_  = L/L  ; w = - ■ 

' ''ms  '00 


(9.5) 


{ that  is, 


wq  + jwZn 


Xms  ‘ “ * J“2a 

2,2  . , W , / 

(i  - w ) + (^r) 


(9.6) 
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/'ms 
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2 
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The  resonance  frequency  . at  which  the  out-of-phase  currents  balance  (^m/ 

2 


X=  0),  becomes 
ms 


u 


V ^ ■ (2a)i 


(9.7) 


2 2 2 

that  is,  w'  — w + 2a  for  2a  <<w  . 

o o o 

The  loss  component  reaches  a maximum  when  u2  u2  -r  a Figare  9.  2 
shows  the  value  of  Xm/Xms  and  Xm/Xms  *3  functions  of  w for  Q equals  10,  2, 
and  1. 


, The  attenuation  introduced  in  the  magnetic  precession  theory  by  the  Landau 
Lifshitz  term.  pull9  the  resonance  frequency  up,  but  by  a different  amount.  Ac- 
cording to  Eq.  (4.21) 


2 *2h 

-*  . ^ H»M» 

^ms  hH  \ 2„2 


AM. 


x , , x“h;  , 

Y H + y-  - u + 2j«  -«-r- 

z MZ  ‘z 


? 2 

M u + a + jua 

z o 

= __  . — ^ — — 2 2 — ! 

z u + a - u + ju2a 
o 


(9-8) 


1H. 


where  wQ  - hqHb,  a = — . Hence 
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'in 


, 2 A 2 , 2v 
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"ms  0 
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Fig.  9.2.  Equivalent  circuit  and  dispersion  of  magnetic  susceptibility 
and  loss  for  a coil  filled  with  ferromagnetic  material  show- 
ing a r esonance -type  dispersion. 
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The  out-of-phase  components  balance  when  + 3a^,  while  the  loss 


u 

reaches  a maximum  when  - uj  + a^.  Figure  9.  3 shows  the  values  of  Y /Y 

anc*  as  ^unct^ons  w when  Q equals  10,  2,  and  1,  and  gives  an  equivalent 

circuit  of  the  correct  frequency  response  when  R = 5:  + Ju.  , C,  = . As  before, 

2 14  Civ  1 & 

uo  ~ l/l-Ci  a = H/2L,  This  circuit,  with  its  third  branch,  reflects  the  introduction 
of  the  coupling  between  the  Mx  and  components  in  the  Landau -Lifshitz  approach 
(cf.  Eq.  4.10). 


10 . Relaxation  Spectra 

(a)  Permittivity 

The  simplest  kind  of  relaxation  spectrum  representing  the  complex  permit- 
tivity is  obtained  by  equating  the  admittance  of  the  RC  circuit  Fig.  10.1  with  that 
of  lossy  capacitor: 


Y 

circuit 


• Jwfo 


+ T* 


2 2 


tt) 


Y =juic*C 

cap.  J o 


Hence 


K* 


. C1  , C2/Co 

btt0+i^-c2,i 


(10.1) 


(10.2) 


or,  by  introducing  the  Btatic  ( u = 0)  and  optical  (u  =oo  ) dielectric  constants  k' 
and  and  the  relaxation  time  T as 


. i _ _ 1 

a 


C,  C 


* = V-  t k- 

CT  C" 


? 

O ”0 


’1 


< = JT 


(10.3) 


T a i = S2C2  , 

the  ratio  of  the  dynamic  to  static  permittivity  may  be  written 

a*  ~ k-j  j 


. ’ V 
* s *«> 


'-  + jw  T 
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CUT  — ► 


Fig.  10.1. 

Equivalent  circuit 
anil  dielectric  con- 
stant for  a materi- 
al which  shows  a 
relaxation-type 
dispersion. 
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sion  (cf.  Eq.  9.9)  in  which  T = l/a: 


X 


t 1 


ms 


a -w  + ju2a 


2,  2 2.  , 2 2 . / 2 | 2 ^ 2.  . 
a (a  -w  )+2a  w -jwa(-a  + w + 2a  ) _ 1 

, ~ 2 1 — =TTjUr 

(a  -u  ) +4a  u 


(10.8) 


(c)  Conductivity 

In  addition  to  the  relaxation  spectra  caused  by  electric  and  magnetic  di- 
poles, relaxation  effects  may  originate  from  the  migration  of  charge  carriers. 
The  normal  concept  of  conduction  is  that  of  a free  flow  of  charges  with  an  ohmic 
conductivity  cr  given  by  the  mobility  b of  the  free  carriers  and  their  number  per 
unit  volume  N as 

cr  = N e b (10.9) 

The  drift  velocity  v of  the  carriers  increases  according  to  Stokes's  law  pro- 
portionally to  the  field  strength  E,  and  the  number  of  free  carriers  increases 
exponentially  with  temperature  in  case  they  can  be  held  in  traps  by  an  activation 
energy  U;  that  is, 

v = bE  and  N = Nq  e'U/2kT  . (10.10) 

Actually,  this  type  of  unimpeded  conduction  is  the  exception.  It  requires 
that  the  carriers  can  be  freely  discharged  at  one  electrode  and  freely  replaced 
at  the  counterelectrode;  in  addition,  the  carriers  must  not  be  trapped  firmly  in 
the  volume  or  on  interfaces.  In  general,  one  or  the  other  of  these  stringent  pre- 
requisites is  not  fulfilled,  and  field  distortion  by  space-charge  formation  results. 
The  outside  observer  notices  an  increase  in  dielectric  constant  accompanying  a 
decrease  in  transconductance  due  to  the  build-up  of  space  charge  or  interfacial 
pclcrizati  on. 

The  classical  example  of  this  type  of  polarization  is  the  Maxwell -WaRner 
32) 

two-layer  condenser  ' , in  which  the  dielectric  consists  of  two  parallel  sheets  of 
material  (1)  and  (2),  characterized  by  dielectric  constant,  conductivity  and  thick- 
32)  K.  W.  Wagner,  Arch.  Elektrotech.  £,  371(1914). 
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Fig.  10.  2. 

Two-layer  capacitor 
and  equivalent  cir- 
cuit. 


neas  (Fig.  10.2).  By  comparing  the  admittance  o£  the  equivalent  circuit  with  that 
of  a lossy  capacitor 

(10.11) 


circuit  “ Epnr, 


1 + juT" 


cap.  J o 
R,T\  + R,r, 

where  - C^j,  = C2R2,  and  T = ^ ^ , the  complex  permittivity  re- 

sults 
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(^i  + T2)  + MTj  - T2  - -y) 
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(H1+R2)C0{ltjUT} 

Introducing  the  static  and  optical  dielectric  constant 

t,  TltTZ-T 
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we  obtain  the  normalized  form 
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Tl  + V2  ~ T 


T"lT2 


(10.14) 


5 eT+V“B" + “ ^s-  ^rrWr^o  ' 

The  dispersion  caused  by  the  two-layer  condenser  is  identical  with  that  of  the  di- 
pole polarization  of  Eq.  (10.6);  the  absorption  contains,  in  addition,  the  ohmic 
conductance  effe  p --'’need  by  the  series  resistors  and  R^. 

To  normalize  also  the  conduction  part  of  the  absorption  characteristic,  we 
introduce  a relation  between  the  time  constants  and  by  prescribing 


T1  = R1C1 

r2  = R2C2  S aRlbCl  = abTl  > 


(10.15) 


that  is,  the  dielectric  constant  and  conductivity  of  medium  2 is  chosen  as  being 
multiplied  by  factors  a and  b in  reference  to  those  of  medium  1.  It  follows  that 

2 


_ . _ - ”2  _ T/l  - ab^ 

Ti+  T2  ■ — •ilr+ri 


or 


(10.16) 


z , 

a °°  e + e e 
Figure  10.3  shows  the  two-layer  absorption  characteristic  with  a as  parameter, 
and  with  b chosen  arbitrarily  as  2000  and  as  10,  orders  of  magnitude  fre- 
quently observed. 


i . i ./my 

-z  z \ 1 - ab  / 


11.  Features  Instinguishing  Resonance  from  Relaxation 
The  presence  of  a resonance  dispersion  in  a composite  characteristic  of  the 
type  Fig.  8.1  may  be  detected  by  the  presence  of  a maximum  or  mimmum  in  the 
*'  curve,  or  by  a loss  curve  with  a steeper  slope  than  a relaxation  loss.  Table 
11.  1 gives  the  conditions  under  which  maxima  and  minima  of  s'  exist  for  the  three 
types  of  resonance  considered. 


The  <"  curve  for  a simple  relaxation  when  plotted  on  a log-log  scale  (Fig. 
11.1),  shows  a maximum  positive  slope  of  +1  and  a maximum  negative  siope  of  -1; 


Fig.  11.1.  Relaxation-type  dispersion  of  dielectric 
constant  and  loss  (cf.  Eq.  10.4). 

the  loss  due  to  interfacial  polarization  also  gives  a maximum  negative  slope  of  -1 
(Fig.  10.  3).  Thus  the  occurrence  of  a loss  peak  with  slopes  greater  than  1 on  a 
log-log  scale  indicates  resonance- 

12.  Polarization  in  the  Optical  Range 

The  ferrites  here  considered  absorb  strongly  in  the  optical  region,  and 
transmission  measurements  on  single  crystals  have  to  await  the  completion  of 
grinding  and  etching  techniques  which  will  reduce  sizeable  crystal  sections  to  a 
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thickness  below  1 micron. 

Tentative  conclusions  as  to  the  optical  dielectric  constant  can  be  drawn 
from  transmission  measurements  on  the  more  transparent  aluminates  and  from 
transmission  and  reflection  measurements  in  the  near  infrared  on  some  ferrites. 
Table  12.1  gives  the  square  of  the  index  of  refraction  (n^);  according  to  Maxwell's 
relation  it  equals  the  dielectric  constant  k'  for  loss-free  media. 


Table  12.1.  n^  for  some  double  metal  oxides. 


(V  = 5393A) 

n2 

(X.  = 15360A) 

n2 

MgAl204 

2.97 

MgFe204 

5.5 

CaAl-O. 

2 4 

2.95 

CaFe2°/, 

6,  6 

ZnAl^O^ 

3.  17 

FeAl2G4 

3.  25 

In  addition,  reflectivity  measurements  on  a single  crystal  of  nickel  ferrite 
gave  a value  of  7.  0 + 0.  5 for  it'  on  the  high  frequency  side  of  the  infrared  bands. 

Hence,  the  electronic  polarization,  with  its  resonance  absorption  in  the 
ultraviolet  and  further  absorptions  in  the  visible  and  near  infrared,  appears  to 
make  a contribution  of  ca.  7 to  the  dielectric  constant  at  low  frequencies. 

The  detailed  optical  absorption  spectrum  and  its  interpretation  are  com- 
plicated because  a variety  of  excitation  effects  enter.  Figure  12.1  shows  the 
transmission  characteristic  of  magnetite,  obtained  on  an  evaporated  iron  layer, 
oxidized  to  Fe^O^.  We  expect:  absorption  caused  by  the  conduction  electrons 
migrating  between  the  iron  ions  of  the  octahedral  sites;  absorption  caused  by  trans- 
itions from  3d  to  4s  states;  and,  finally,  transitions  from  the  ions  to  the 
various  cations.  These  effects  may  express  themselves  in  Fig.  12.1  in  overlap- 
ping absorption  regions.  Transmission  measurements  at  low  temperature  or. 
single  crystals  should  show  improved  resolution  and  arc  in  preparation. 
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Fig.  12. 
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8 10 
Frequency  (cps) 


1.  Absorption  in  the  optical  range  for  a film  of  magnetite. 
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13 . Infrared  Vibrations 

The  unit  cell  of  magnetite  contains  8 Fe^O^  groups,  that  is,  56  particles 
(cf.  Fig.  7.  2).  Each  of  these  possesses  three  degrees  of  freedom,  hence  the  unit 
cell  has  168  normal  vibrations.  This  inconveniently  large  number  can  be  cut  down 
by  a factor  of  four  by  dividing  the  unit  cell  into  four  primitive  rhombohedral  sub- 
cells  (Fig.  13.1).  If  we  write  the  chemical  formula  of  the  ferrites  MFegO^,  where 
M stands  for  a divalent  metal  ion,  the  rhombohedral  cell  (M^Fe^Og)  contains  14 
ions  which  can  be  lumped  into  two  MO^  and  one  Fe^  tetrahedral  subgroups. 

Of  the  42  possible  modes  only  those  are  optically  active  which  create  a 

an 

change  in  dipole  moment  ^ 0).  As  Waldron  in  this  laboratory  has  shown  in 

33) 

detail  ' , only  the  eight  vibratory  modes  of  Fig.  13.1  fulfill  this  condition;  three 
of  these  ( I/g,  V V^)  become  inactivated  because  the  overall  dipole  moment 
change  in  the  subcell  is  zero;  a fourth  one  ( I/g)  is  a zero-frequency  translation. 
Hence,  four  optically  active  modes  remain  and  are  in  phase  throughout  the  lattice, 
when  the  subcells  are  joined  together. 

The  highest  frequency  mode  ( 1^)  corresponds  to  the  vibrations  of  the  oxygen 
ions  along  the  tetrahedral  bond  directions,  the  ["ill!  crystal  directions;  the  next 
lower  mode  ( I/^)  represents  a motion  of  the  oxygen  ions  in  a direction  almost  per- 
pendicular to  the  first  one;  the  remaining  two  modes  ( ^4)  correspond  to  oscil- 

lations of  the  metal  ions  in  the  force  fields  of  their  octahedral  and  tetrahedral 
oxygen  environments. 

In  absorption  measurements,  one  usually  obtains  the  real  part  a of  the 
propagation  constant  y.  For  a nonmagnetic  material,  y may  be  expressed  in 
terms  of  the  dielectric  constant  it*  = it'  - jit"  as: 


V 


a + jp 


V. 


(13.1) 


However,  when  the  material  is  powdered  and  imbedded  in  a loss-free  dielectric, 


33)  R.  D.  Waldron,  Technical  Report  94,  March,  1955. 
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one  measures  the  absorption  coefficient  of  the  resultant  mixture,  and  this  is  not 

simply  the  coefficient  for  the  material,  reduced  in  magnitude  by  the  dilution.  . J 

There  is  the  possibility  of  2-layer  condenser -type  absorption  'see  Sec.  10). 

although  in  the  present  case  the  great  dilution  of  the  more  conducting  component 

(1  part  in  800)  makes  this  effect  of  no  importance.  Furthermore,  pronounced 

scattering  will  occur  when  the  particle  sizes  become  of  the  order  of  the  wavelength.  , ! 

In  the  present  work  this  situation  is  being  approached  only  in  the  visible  range.  ! ' 

For  particles  very  much  smaller  than  the  wavelength,  the  absorption  may  be  ex-  '!  . 

t £ 
pected  to  follow  the  variations  in  the  dielectric  loss  factor  it"'  for  the  ferrite  and 

to  show  peaks  at  the  vibrational  resonance  frequencies. 

The  observed  absorption  spectra  for  six  simple  ferrites  are  shown  in  ■ 

Fig.  13.2.  Two  main  bands  occur  with  peaks  in  the  vicinity  of  550  and  400  cm"1, 

which  we  attribute  to  the  two  highest  modes;  the  two  lower  bands  lie  apparently 

beyond  the  range  of  our  instrument.  ZnFe204  is  a "normal"  spinel,  that  is,  the 

Sn2+  ion  occupies  the  tetrahedral  lattice  sites,  while  Fe  O NiFe  O and 

3 4’  2 4 

CoFe^O^  are  "inversed"  spinels.  MgFe^O^  and  MnFe2Q4  are  intermediate  cases, 
depending  on  firing  conditions  and  cooling  of  the  samples.  34^  Obviously,  the  re- 

• 1 

lative  intensity  and  shape  of  the  bands  is  sensitive  to  the  type  of  cation  in  the  tetra-  J 

hedral  sites,  and  infrared  spectroscopy  may  provide  a powerful,  nondestructive 

1.00I  fv.  r.K*  .4.  «Ws-.-  of  ferrite  structures.  \ 

; 

In  order  to  obtain  values  'or  the  individual  constants  n1  and  it"  of  nickel  j 

ferrite,  a series  of  reflection  measurements  was  made  on  a single-crystal  speci-  \ i 

men.  Unfortunately,  the  experimental  error  involved  in  measurements  with  polar- 
ized r adiation  at  infrared  frequencies  is  sufficient  to  cause  the  derived  permittiv- 
ity values  to  vai  / between  wi.'.e  limits.  On  the  high  frequency  side  of  the  infrared 
absorption  bunds  a reliable  vulue  of  *'  was  obtained,  viz.,  7.0  -i-  0.5.  This  comes 
34)  G.  Economos,  Technical  Report  78. 
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Fig.  13.2.  Infrared  absorption  measurements  for  several  ferrites. 
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from  the  electronic  polarization  (cf.  Sec.  12),  and  since  the  value  of  k'  at  micro- 
wave  frequencies  is  of  the  order  of  17,  the  atomic  polarization  must  contribute 
-out  10  to  the  low-frequency  dielectric  constant. 


14.  Polarization  in  the  Electrical  Range 

In  the  microwave  range,  the  ferrites  show  a dielect?,  ic  constant  cf  about  17; 

4 

at  low  frequencies,  k1  may  rise  to  values  of  10  and  even  higher.  TKla  general 
behavior  is  typical  of  many  conducting  materials  in  which  the  current  transfer  is 
impeded  by  grain  boundaries  and  barrier  laynrs,  For  o first  analysis  the  simple 
equivalent  circuit  of  the  Maxwell -Wagner  two-layer  condenser  (cf.  Fig.  10.?.)  can 
serve.  We  assume  that  the  ferrite  proper  repr  sent?  medium  l (R2.  h .)  dis“ 
tributed  as  spherical  particles  in  an  interface  medium  1 (P^,  C^),  The  p re/e’ 
qulsite  "spherical"  is  needed  in  order  to  preserve  the  siniB'”'  *•«'  \xation  spectrum 
with  one  time  constant  only.35) 


Tim  amount  of  medium  1 i»  <>V  4 .tely  Bj  \ < i comparison  to  that  of  medium 
2 and  its  resistivitv  hifK  hence  C^>!*C!2,  R^  !*  th,  » r^.  Ir  cv  .serucnce, 
at  sufficiently  high  frcqi.  ncies  tho  interface  medium  is  shorlod  out  a?  d ont*  ob  - 
serves  the  dielectric  constant  and  conductivity  ;f  tho  ferrite  ps  oner.  ?"ni$  con- 
ductivity, as  our  measurements  on  the  nickel  zinc  ferrite  sen:  dfcM'Vi  virtue 
(Figs.  14. 1 to  1 1- . 9) , is  however  not  frec^enc  'nde,.  cri  lent  but  ricr.  ansn'c: 


9 11 

from  10  towards  10  irp.n  A ii  \ilar  behwrhir  ha*  been  observed,  h r v 
for  glasses.  5iriuit.i»rwou sly,  we  find  that  the  microwave  cundtcfiv  1 


mple, 


typical  nickel-zinc  ferrite  increases  slowly  with  dscrecsv.i^  temper :.‘.t 


.re  U4  • ,1  • 


t is  a 


14.10),  while  the  d-v  conductivity  shown  tl  ; exponential  derrtase  w’  J 

35)  R.  W.  Sillars,  J Inst.  Elec.  Enprs.  8_0,  370(1,937). 

36)  Lab.  Ins.  Res.,  Mxbj.  Inst.  Tech. , Tabfuu  of  f*ielec*vi~  “L  ' ’*• 

Tech.  Rep.  57,  Jauup.ry,  ] 0 ' 3 3 i L.  Hartshorn,  J.  V.  ; 1 ant*  ^ Uusbt 

Proc.  Inst.  Elec.  E.  igrs.  '00  . Part  llA,  23  (1953). 
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Fig.  14.1.  Dielectric  constant  and  loss,  magnetic 
permeability  and  loss  for  NiFe.O,. 
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Fig.  J4.3.  Dielectric  constant  and  loss,  magnetic 
permeability  and  loss  for  Ni^  gZnQ  ^ • 
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Fig.  14.6.  Dielectric  constant  and  loss,  magnetic 
permeability  and  loss  for  Nin  ,Zn  _. 
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Fig.  14.9.  Dielectric  constant  and  loss,  magnetic 
permeability  and  loss  for  ZnFejO^. 
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Fig.  14.10.  Temperature  dependence  of  microwave  conductivity 
measurements  on  Nig  j^rig  ^Fe2Q^. 

characteristic  of  semiconductors  (cf.  Fig.  15.3).  It  sesms  that  an  absorption 
spectrum,  due  perhaps  to  loosely  bound  charges,  lies  in  the  10^  to  10^  cps  range 
and  moves  towards  the  microwave  region  as  the  temperature  decreases.  Thus 
we  should  interpret  only  the  flat  region  of  the  rr -characteristic  as  descriptive  of 
the  true  conductivity  of  the  ferrites,  while  the  bulk  of  the  electric  losses  at  micro 
wave  frequencies  stems  from  this  incoming  absorption  spectrum. 

Turning  to  the  relaxation  spectrum  at  low  frequencies,  we  can  match  the 
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observed  characteristics  approximately  by  the  equivalent  circuit  of  the  two-layer 

capacitor  by  adjusting  the  parameters  a and  b of  Eq.  (10.15).  For  magnesium 

371 

ferrite -aluminate s this  has  been  done  by  Fairweather  and  Frost  ',  but  constants 

derived  from  2-terminal  measurements  must  be  interpreted  with  caution.  Our 

2-terminal  values  showed  some  fluctuations  at  low  frequencies  and  a field-strength 

dependence  which  varied  with  the  type  of  electrode  used.  Four -terminal  measure- 
4 5 

ments  at  10  and  10  cps  gave  values  of  and  tr  which  were  appreciably  different, 
as  shown  in  Figs.  14.1  to  14.9  by  crossed  and  dotted  circles,  respectively.  The  re- 
maining field  effect  (Fig.  14.11)  is  not  surprising  since  the  field  strength  in  the 
grain-boundary  layers  must  reach  very  high  values  and  result  in  localized  field 
emission  and  breakdown. 

Since  the  grain-boundary  layers  should  be  absent  in  single  crystals,  the 
parameters  a and  b and  the  intrinsic  conductivity  obtained  by  4-terminal  measure- 
ments, characterize  the  individual  ceramic  sample  with  all  it"  fabrication  vari- 
ables. They  will  change  within  wide  limits  for  a given  composition  depending  on 
the  handling  procedures.  It  mu9t  be  kept  in  mind  +hat  not  only  interface  phenomena 
are  responsible  for  such  changes;  variations  in  firing  temperature,  firing  atmos- 
phere and  cooling  may  produce  secondary  phases  and  changes  in  the  state  of  oxida- 
tion with  striking  influence  on  the  electric  and  magnetic  properties. 

15 . D-C  Conductivity  of  Ferrites 

On  the  basis  of  the  two-layer  model,  the  d-c  conductivity  is  determined 

essentially  by  the  across-grain  contacts.  Previous  measurements  on  the  more 

37) 

highly  resistive  ferrites  ' have  shown  an  exponential  temperature  dependence 

at  frequencies  above  and  below  the  relaxation  region,  both  governed  by  the  same 

activation  energy.  This  certifies  that  the  boundary  resistivities  in  these  materials 

a”  a caused  essentially  by  a decrease  in  the  area  of  perfect  contact  between  grains, 

37)  A.  Fairweather  and  E.  J.  Frost,  Proc.  List.  Elec.  Engrs.  100  , Pt.  IIA, 

15  (1953). 
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Fig.  14.11.  Field-strength  dependence  o£  four -terminal 
a-c  dielectric  measurements  at  10*  cps. 

and  not  by  a boundary  region  with  different  intrinsic  electrical  properties.  The 
latter  p sslbility,  however,  can  by  no  means  be  excluded  in  all  cases,  as  evi- 
denced by  the  highly  resistive  layers  found  on  the  outer  surfaces  of  a sintered 
specimen  of  a manganese-alnc  ferrite  in  the  present  work  (Fig.  15.1). 

Four -terminal  d-c  measurements  show  a field-strength  dependence  varying 
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Fig.  15.1.  Surface  structure  of  a sintered  Mn-Zn  ferrite  ceramic. 

from  ferrite  to  ferrite  (Fig.  15.  2),  as  well  as  between  different  specimens  of  the 
same  ferrite.  Limiting  values  of  conductivity  at  low  field  strengths  show  the 
temperature  dependence  it  = c oe"E/kT  (Fig.  15.  3)  with  the  activation  energies  E, 
as  given  in  Table  15.1,  Probably  several  conduction  processes  have  to  be  con- 
sidered. The  work  of  Kamiyoshi38)  on  nickel  ferrite  and  cobalt  ferrite  indicates 
that  activation  energies  may  be  decreased  considerably  by  quenching  from  high 
temperatures,  Wijn^  has  shown  that  an  oxygen  deficiency  in  a Ni-Zn  ferrite 
can  increase  its  conductivity  from  1 0 ~ ^ to  10  8 (olnn -cm)  ^ to  10  3 (ohm-cm)  * 
while  lowering  the  activation  energy  from  0.4  to  0.1  ev.  This  higher  conductivity 
is  attributed  to  the  ferr ous -ferric  electron  transfer  process  believed  to  be  prt- 
dominant  in  magnetite.  However,  our  measurements  on  single-crystal  specimens 
of  magnetite  (Fig.  15.4)  sho  * that  we  are  not  dealing  with  one  simple  activation 
process;  mobility  measurements  are  required  before  a unique  interpretation  i9 


38)  K.  Kamiyoshi,  Sci.  Rep.  Res.  Inst.  TohOkuUniv.  716(1951). 
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>f  Q.  05  ev  is  observed;  just  below 
decreasing  to  0.  03  ev  at  very 
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Fig.  15.3.  Temperature  dependence  of  fuur  -terminal  d-c  conductivity  values 

measured  at  low  electric  Held  strengths  on  various  ferrites.  ^ 
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Fig.  15.4.  Temperature  dependence  of  d-c  conductivity  of  magnetite 


- 87  - 


Table  15.1.  Activation  energies  deduced  from 
d-c  conductivity  measurements. 


Ferrite  (M^+) 

E 

ev 

(ohm -cm)  * 

Mn 

0.15  - 0.  19  + 0.  02 

- 

Ni 

0.  17  + 0. 02 

4 + 2 

NlU . 7Zn0 . 3 

0. 20  + 0.  02 

5 + 3 

Nl0.4Zn0.6 

0.  18  + 0. 02 

- 

Ni0.  3Zn0. 7 

0.  18  + 0.  02 

9 + 4 

Ni0.  2Zn0 . 8 

0.  17  + 0.  02 

7 + 4 

Zn 

0.  15  + 0.  02 

2 + 1 

liquid  nitrogen  temperature,  the  edge  has  moved  to  about  0. 17  ev. 

In  our  experiments  the  level  of  conductivities  in  the  nickel-zinc  ferrites 
proved  to  be  about  three  orders  of  magnitude  greater  than  the  values  reported 
in  the  literature  for  similar  compositions;  our  activation  energies  are  all  about 
0.18  ev.  This  seems  to  indicate  that  the  same  conduction  process  is  predominant 
in  all  members  of  our  series.  .Tor  nickel  ferrite  and  zinc  ferrite,  the  infrared 
absorption  edge  occurs  at  nearly  twice  the  energy  derived  from  the  conductivity 
measurements.  If  this  is  not  a coincidence,  we  seem  to  deal  with  some  intrinsic 
conduction  process. 


Magnetization  of  Ferrites 
1 6 Two  Main  Dispersion  Regions 

The  initial  permeability  of  ferrite  ceramics  is  an  effective  scalar  per- 
meability averaging  over  the  permeability  matrices  and  interaction  effects  of 
the  individual  crystallites.  Its  frequency  response  characteristics  show,  in 
general,  two  main  dispersion  regions  (cf.  Figs.  14,1  to  14.9).  The  first,  located 


1- 


in  the  frequency  range  ? to  500  Me  indicates  frequently  by  the  sharp  rise  of  the 

loss  curve  k"  and  sometimes  by  a maximum  of  s'  , that  it  is,  at  least  in  part,  a 
m m 

resonance  spectrum.  The  second  dispersion,  in  the  range  500  to  3000  Me,  clear- 
ly reveals  a resonance  phenomena  by  the  minimum  of  the  «'  curves. 

The  classical  treatment  of  the  gyroscopic  effects  given  above  leads  to  two 
types  of  resonances:  spin  resonance,  caused  by  the  Larmor  precession  of  the 
magnetic  moments  (see  Sec.  4);  and  domain-wall  resonance,  if  the  walls  are 
bound  quasi -elastically  to  equilibrium  positions  (see  Sec.  5).  It  is  natural,  there- 
fore, to  ascribe  the  higher  region  to  spin  resonance  and  the  lower  frequency  dis- 

39} 

persion  to  domain -wall  resonance.  Rado  and  co-workers  ' especially  have  ad- 
vanced this  interpretation,  while  the  scientists  of  the  Philips  Laboratories22,  ^ 
are  inclined  to  attribute  both  resonance  regions  in  cubic  ferrites  to  spin  resonance. 
An  experimental  decision  is  not  easily  made,  as  will  become  apparent. 

In  discussing  the  characteristics,  we  have  two  main  pieces  of  experimental 
evidence:  the  static  magnetic  susceptibility  Xma  8 *ms  " ant*  reaonancc 
frequency  as  characterized  by  a loss  maximum.  These  quantities  ire  related 
according  to  theory. 


17.  Domain  Vt  all  or  Spin  Resonance 


a)  Wall  resonance 

The  resonance  frequency  of  the  domain  waII  in  the  case  of  low  damping 

(P  <<  k)  is  given  by  the  frequency  of  the  loss  maximum  as  u = Vk/m  (cf.  Eq. 

4Cn  Mz  c 

5.19).  end  the  static  susceptibility  by  ^ = n — , where  C is  a factor  de 


, where  C is  a factor  de- 


termined by  the  area  and  relative  orientation  of  the  walls  present,  and  equals 
unity  for  a single  wall  parallel  to  the  applied  field  and  i is  the  width  of  disper- 


sion. Thus 


39)  G.  T.  Rado,  Revs.  Mod.  Phys.  Zi,  81  (1953). 
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(IV.  1) 


1 k 


For  an  overdamped  wall  motion,  a loss  peak  will  occur  at  S — = p-  (c£.  Eq. 
5.  21)  and  in  this  case 


4Cu  M 
o 


. « . .2  2 2 . 1/2 
4CM  y p A ' 


d rtms 


\iKl/ZX  Zf^)  * dS 


(17.2) 


A ferrite  with  M = 250,  000  amp,  /m  (250  cgs  units),  a static  susceptibility 


of  100  in  a specimen  1 mm  wide,  due  to  the  motion  of  a single  180  wall  parallel 


to  the  apllied  field,  and  a wall  mass  corresponding  to  that  in  nickel  ferrite 


(9.4x10  0 kg/m2),  gives  an  undamped  resonance  frequency  of  270  Mc/sec. 


b)  Spin  resonance 


The  loss  maximum  associated  with  dipoles  preceBSing  under  the  action  of 


an  effective  field  H lc  occurs  at  w = Vy^^H2,.  + o2,  while  the  associated  static 
eff  s » 1 ’o  eff 

C 1 M 

susceptibility  is  given  by  X _ " "o — (cf.  Eq.  9.8),  where  C'  is  a constant  de- 

mB  ncff 

termined  by  the  spatial  distribution  of  the  spin  directions  (for  completely  random 


distribution,  C'  = 2/3).  Thus 


us  xm8  = cMYpoyi+(- 


‘o"eff' 


(17.3) 


* C'ypoM  (for  small  a)  . 


For  an  overdamped  spin  resonance  (a  > > u ),  the  loss  maximum  occurs  at  uf.= 
\H  ° d 

a =■  (cf.  Eq  10.8)  and  in  this  case, 


C'qM 


d Ams 


Heff 


(17,4) 


n 


In  a ferrite  ceramic  with  M — 250  cgs  units  and  a static  susceptibility  of 
100  as  above,  but  in  this  case  due  to  spin  orientation,  the  undamped  spin  resonance 
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loss  maximum  occurs  at  ca.  60  Mc/sec.  The  effective  field  causing  this  Larmor 
precession  is  ca.  1600  amp./m  (20  oersteds). 

The  two  examples  show  that  both  resonances  can  occur  in  the  same  frequency 
region;  therefore,  ar.  a priori  connection  between  the  frequency  location  of  the 
dispersion  region  and  the  mechanism  cannot  be  postulated. 


18.  Evidence  Found  in  the  Nickel-Zinc  Ferrite  System 
Of  the  various  mixed  ferrites,  the  nickel-zinc  system  has  been  investigated 
most  extensively  because  of  its  early  applications  for  high-frequency  components. 
The  loss  peak  of  the  lower  dispersion  region  in  this  series  is  pronounced  (cf. 

Figs.  14. 1 to  14.  9),  hence  offers  a good  chance  of  checking  the  relations  between 
initial  susceptibility  and  resonance  frequency  just  derived.  The  saturation  mag- 
netization of  these  materials  for  room  temperature  la  known  (Fig.  18.1);  to  com- 
pare the  susceptibilities,  we  have  adjusted  them  to  the  identical  saturation  mag- 
netization of  M = 250  cgs  units  = 250,  000  amp./m. 

If  this  corrected  initial  susceptibility  is  plotted  againnt  the  frequency  of 
the  loss  peak,  maximum  u^ona  log-log  scale,  approximately  a straight  line  with 
unit  negative  slope  results  (Fig.  18. 2),  that  is, 


/'ms 

~TT 


w,  = constant 


(18.1) 


This  agrees  with  the  findings  of  previous  workers  ' who  have  interpreted  the 


40) 


result  as  confirmation  of  the  spin  resonance  expression  (cf.  17.  3) 


Xms  "2^c 


"K r ws  = 


T 


shown  as  an  unbroken  line  in  Fig.  18.  2.  However,  a similar  straight  line  would 
result  from  a strongly  damped  domain-wall  resonance  (cf.  Eq.  17.2)  provided 
that  the  factor  p£/M  is  about  constant  throughout  the  series. 

Further  arguments  for  both  points  of  view  have  been  made,  domain  ar- 
rangments  should  be  sensitive  to  strain;  the  intlal  susceptibility  and  peak  fre- 


40)  H.  G.  Beljers  and  J.  L.  Snoek,  Philips  Tech.  Rev.  Ji_,  313  (1949). 
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Fig.  18.1.  Room  temperature  values  o£  saturation  magnetization  for  the 
nickel-zinc  ferrites  (Ni1_xZnxFe204)  calculated  from  data 
given  by  R,  Pauthenet,  Ann.  phys.  [iz]  T_<  714  (1952). 

quency  of  these  ferrites  prove  relatively  insensitive  to  strain,  a fact  supporting 
the  spin  resonance  interpretation.  ^ On  the  other  hand,  as  Rado^)  showed, 
when  a nickel-zinc  ferrite  specimen  is  finely  pulverized  and  r eshaped  with  wax 
as  a binder,  the  lower  dispersion  region  has  disappeared;  this  fact  points  to  a 
domain-wall  resonance,  since  the  walls  have  presumably  been  taken  out  by  the 
treatment. 

Turning  to  the  individual  character isitcs,  we  find  for  nickel  ferrite 
(Fig.  14.1)  that  the  steepness  of  the  loss  curve  at  the  low-frequency  side  of  the 

Q 

lower  band  indicates  a resonance  absorption  of  a halfwidth  2a  ~ 2x10  radians/ 
sec.  , hence  a Q of  ahout  1.  If  the  higher  band  is  interpreted  as  a single  damped 
spin  resonance,  which  would  require  nn  effective  internal  field  of  about  240,000 
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Fig.  18.  2.  Plot  of  *^g  - 1 vs.  the  frequency  of  the 
first  loss  peak  for  various  ferrites. 


amp./m,  a halfwidth  2a  os  2x10*®  is  observed  and  the  Q is  again  ca.  1.  However, 

41)  9 

on  single  crystals  of  nickel  ferrite,  Yager  -t  al.  ' observed  2a  — 1x10  , or  a Q 
of  about  100  for  a spin  resonance  induced  at  2.4x10*®  cps  (Fig.  18.  3) . Hence,  the 
proper  interpretation  of  the  higher  band  might  be  that  it  consists  of  a sequence  of 
narrow  resonance  lines. 


41)  W.  A„  Yager,  J.  K.  Galt,  F.  R.  Merrit  and  E.  A.  Wood,  Phys.  Rev.  80, 
744  (1950). 
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The  loss  carve  of  NiFe^C^  56 r 

ceramic  between  13^  and  10^  cps  ^ __ 

Fig.  14.1)  might  be  roughly  split  jl 

Aft  ■ 1 1 

into  three  resonance  absorptions  „ a | l 

*m  I 1 

of  Q — 1,  with  maxima  for  of  32 LA 

about  17,  10,  and  4 located  at  50,  *ITI  I 1 

24  f— 

300,  and  2000  Mc/sec.  (Fig.  18.4).  „ / l\\ 

*m  I I \ \l 

If  these  maxima  are  explained  as  16  j — |4-^r 

spin  resonances,  the  saturation  J I \ 

moments  responsible  for  them  J 

would  amount  to  25,  000,  75,  000  ® F ' 

I 

and  170,  000  amp. /m  (cf.  Eqa.  9.6  g 1 

and  17.  3).  This  totals  up  to  a mo-  ^ I 

-is -v— f- 

ment  of  270,  000  amp./m,  while  the  \ I 

saturation  moment  of  nickel  ferrite  -24  — — ■*- — 

8200  8400  8600 

is  265,  ooo  amp./m  (see  Fig.  18.1)  Applied  magnetic  field.  (Oe) 

and,  in  a ceramic  of  random  crys-  .. 

1 Fig.  18.3.  Ferromagnetic  resonance 

tallite  orientation,  only  2/3  of  this  observed  in  a nickel-fer- 

. , 41) 

amount  or  about  180,  000  amp./m  rile  cryB  a • 

could  be  expected. 

This  discrepancy  points  to  a contribution  of  domain-wall  motions  to  the 
magnetic  absorption.  On  the  other  hand,  the  difficulty  might  be  removed  by  a 
different  allocation  of  resonance  peaks  to  the  measured  characteristic.  Here  ob- 
viously is  a need  for  less  arbitrary  techniques  of  curve  fitting.  However  this 
may  be,  the  results  show  that  the  major  part  of  the  magnetic  moments  causes 
resonances  in  the  high-frequency  part  of  the  spectrum  and  contributes  therefore 
little  to  the  stAtic  susceptibility.  If  these  resonances  could  be  shifted  downwards, 
higher  permeability  bodies  could  be  made  with  the  same  compositions,  Ferramic 


8200  8400  8600 

Applied  magnetic  field.  (Oe) 

Fig.  18.3.  Ferromagnetic  resonance 
observed  in  a nickel-fer- 
rite crystal.  ^ 


Ni  Fe204 


10s  10* 1 I0B  10*  107  ioH  10® 

Frequency  In  cycles  per  second 

Fig.  18.4.  The  arbitrary  division  of  the  magnetic  dispersion 
nickel  ferrite  into  three  damped  resonances. 


Q (see  Fig.  18.  2)  may  represent  this  kind  of  improvement. 

Additional  evidence  for  the  difficulty  of  explaining  the  whole  absorption  by 
spin  resonances  is  found  in  the  t'hift  of  the  lowest  resonance  peak  of  the  nickel - 
zinc  ferrite  series  (Bee  Fig.  13.  2).  The  resonance  of  NiFe204  at  50  Mc/sec. 
moves  down  for  NiQ  3ZnQ  ?Fe204  to  about  3 Mc/sec.  On  the  basis  of  spin  re- 
sonance, we  would  have  to  assume  that  in  the  former  case  an  internal  magnetic 
field  of  1600  amp./m  acted,  which  has  been  lowered  to  about  80  amp./m.  Such 
small  fields  can  be  visualized  only  as  the  difference  between  an  anisotropy  field 
and  an  opposing  pai  tide -shape  field,  — a somewhat  improbable  assumption. 

Further  information  is  obtained  by  observing,  in  ovir  coaxial  line  equip- 
ment (see  Fig.  2,  12),  the  influence  on  the  characteristics  for  NiFe204  of  a bias- 
ing d-c  magnetic  field  orientated  parallel  to  the  high-frequency  field  (Fig.  18.5). 
A field  of  4000  amp./m  cuts  down  both  dispersion  regions,  but  the  lower  one 


'1 

r>l 


i 


Fig.  18.  5.  Effect  of  magnetic  biaf  on  the  microwave  properties  of  NiFe.,0^. 

appreciably  more.  The  pronounced  permeability  minimum  near  800  Me /sec.  dis- 
appears,  indicating  that  it  is  associated  with  the  tail  of  the  lower  frequency  band  jj 

and  does  not  represent  the  rapid  rise  of  the  permeability  produced  by  the  onset 
of  the  higher  band.  The  narrow  gap  between  the  biased  and  unbiased  p'  characti 
istic  in  this  region  is  caused  by  the  fact  that  now  the  positive  contribution  of  the 
upper  bend  comes  into  its  own.  This  is  even  more  evident  in  the  case  of  a mag 

nesium -manganese  ferrite  [(MgO)g  .58<M'’OWF'2°3>0.:J  <Fi«’  l8'6>’ 
where  the  permeability  in  this  region  actually  increases  on  the  application  of  the 
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Frequency  (cps ) 

Fig.  18.  6.  Effect  of  magnetic  bias  on  the  microwave  properties 
of  MgOQi  58MnOQi  Q6^Fe2°3^0.  06‘ 


biasing  field. 

We  might  have  expected  that  the  simplification  of  the  domain  pattern  in  the 
biased  state  would  lead  to  a narrowing  of  the  dispersion  regions.  This  did  not 
occur,  indicating  that  the  broadening  of  the  resonance  characteristic  is  caused 
mainly  by  magnetic  anisotropy,  crystallite  interactions,  or  damping. 

The  randomizing  influence  of  crystallite  boundaries  and  crystallite 
orientation  tan  be  removed  by  switching  from  ceramics  to  single  crystals.  A 
single  crystal  of  mc’«el  ferrite  (courtesy  of  the  Linde  Air  Products  Co.)  was 
available,  which  we  cut  as  a toroid  orientated  with  the  (1L0)  plane  parallel  to  the 
toroid  plane  (Fig.  18.7).  The  two  [ill]  directions  in  this  plane  are  the  directions 
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of  easy  magnetization  at  room  temper- 
ature; and,  while  in  comparison  to  a 
true  diarr ond-9haped  sample  a dis- 
torted domain  pattern  must  be  ex- 
pected, this  toroid  is  the  best  approxi- 
mation to  such  a shape  for  measure- 
ments over  a wide  frequency  range. 

The  low  field- strength  measure- 
ments of  Fig.  18.8  show  a general 
similarity  to  the  ceramic  character- 
istics of  Fig.  14.1,  but  the  loss  peaks 
are  higher  and  further  separated.  We  obviously  would  describe  the  trend  now 
as  given  by  two  dispersion  regions  located  near  8 and  600  Mc/sec, 

The  behavior  of  the  upper  dispersion  region  corresponds  to  that  of  a Bpin 
resonance.  That  the  Q of  our  single  crystal  appears  to  be  no  better  than  that  of 
the  ceramics  (Q  ca.  1}  may  not  be  significant;  in  th?se  permeability  measurements 
we  Bee  mainly  the  distorted  part  of  the  domain  pattern  of  the  toroid,  where  the 
magnetization  is  not  parallel  to  the  field. 

Increasing  a-c  field  strength  leaves  the  high-frequency  dispersion  more 
or  less  unaffected,  while  the  low-frequency  region  becomes  completely  altered. 
The  loss  maximum  moves  to  low  frequencies  and  flattens  out,  and  the  fiat  plateau 
of  the  low -frequency  permeability  is  raiBed  from  130  to  about  1300  and  greatly 
shortened. 

A possible  explanation  is  that  the  low-frequency,  low-field  strength  dis- 
persion stems  from  a reversible  wall  oscillation  and  that  at  higher  field  strengths 
the  walls  tear  loose  from  their  anchored  positions  and  traverse  the  material  in 
widening  swings. 
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19.  Temperature  and  Time  Effects 

A change  in  the  overall  magnetization  of  a ferromagnetic  may  be  achieved, 
as  previously  discussed,  by  two  processes:  reorientation  of  the  magnetization 
vector  within  individual  domains,  and  change  of  the  domain  pattern  by  wadi  move- 
ments. The  former  process  depends  on  the  internal  magnetic  field;  the  latter  on 
wall  stiffness  and  mass,  and  on  the  ease  of  wall  generation.  The  acuteness  of  the 
frequency  response  is  given  by  the  damping  attenuating  these  motions.  The  temper- 
ature and  time  dependence  of  the  magnetization  is  therefore  controlled  by  the 
temperature  and  time  dependence  of  the  phenomena  which  influence  internal  fields, 
wall  properties,  and  damping  processes. 

Internal  fields  arise  from  magneto-crystalline  anisotropy,  from  distortions 
caused  by  strain  and  Imperfections,  and  from  demagnetizing  fields  created  by 
free  poles  at  boundaries  of  domains,  of  crystallites  and  of  the  overall  Bample 
(shape  effects).  The  wall  stiffness  reflects  the  fact  that  a domain  wall  is  held  in  a 
potential  well;  a domain  pattern  represents  a minimum  energy  constellation  and, 
in  addition,  individual  walls  may  be  anchored  in  real  crystals  by  lattice  disturb- 
ances (impurities,  defects  and  strain  patterns). 

At  the  present  stage,  the  temperature  dependence  of  anisotropy  and  mag- 
netostriction ran  not  be  predicted  except  for  the  fact  that  both  effects  become  very 
small  as  the  Curie  point  is  approached.  Figure  19.1  shows  the  situation  for  mag- 
netite. Since  near  the  Curie  point  the  anisotropy  and  stiffness  are  low,  the  initial 
permeability  is  high,  as  Fig.  19.  2 demonstrates  for  the  series  of  nickel-zinc  fer- 
rites. Magnetite  has  on  isotropy  point  near  -143°C,  hence  exhibits  a peak  of  the 
initial  permeability  in  this  region,  as  well  as  near  the  Curie  point  (Fig.  19.  3). 

The  magnitude  of  the  initial  permeability  of  magnetite  is  much  larger  than 
rotation  against  the  anisotropy  would  predict,  hence  domain-wall  motion  must 
play  a major  p«.r*.  <n  shaping  this  lower-frequency  characteristic. 
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fig.  19-1-  The  first-order  anisotropy  constant  (Kj)  in  magnetite  as  a function  of  temperature. 
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Fig.  19.3.  Temperature  dependence  of  the  initial 
susceptibility  of  magnetite. 


in  the  cube-edge  direction  closest  to  the  external  field  direction.  In  this  direction, 
remagnetization  below  the  transition  is  easy;  perpendicular  to  the  axis,  mag- 
netization is  difficult.  But,  if  o sufficiently  strong  field  1b  applied  perpendicular 
to  the  frozen-in  axis,  this  axis  can  be  turned  into  the  new  direction,  as  Bick- 
ford** and  Calhoun4^  showed  in  this  laboratory  in  detailed  experiments  (Fig. 
19.4).  The  activation  energy  for  this  process  is  ca.  0.03  cv  and  the  same  as  that 
Indicated  by  conductivity  measurements  at  low  temperature  (cf.  Fig.  15.4).  By 
rearranging  the  checkerboard  pattern  of  the  Fe^+  -Fe^+  ion  distribution,  the  mag- 
netic moments  have  been  turned  in  space. 

42)  Li.  R.  Bickford,  Jr.,  Phys.  Rev.  7£,  449(1950). 

43)  B.  A.  Calhoun,  Phya.  Rev.  94,  1577  (1954). 
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Fig.  19.4,  (r)  Thermal  switching  of  the  magnetic  axis  in  the  ordered 
state  of  magnetite  from  a premagnetieed  £luo]  direc- 
tion to  a [100J  -direction  parallel  to  a bins  field;  B.  ib 
the  internal  induction  prior  to  switching.  1 

(b)  A plot  of  log  (B./Tf)  vj,.  l/?9  (Ts  is  the  switching 

temperature)  indicating  an  activation  energy  of  U.03  ev 
for  the  process. 
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Wijn  and  van  der  Heide  ’ ' have  invoked  this  electron  diffusion  process 

to  explain  a low-frequency  relaxation-iypo  dispersion  in  iron -rich  manganese -zinc 
and  nickel-zinc  ferrites;  Galt^  has  associated  it  with  the  slowing  down  of  the 
motion  of  a single  domain  wall  in  a nickel -iron  ferrite  single  crystal  at  low 
temperature. 

The  frequency  response  characteristics  of  the  nickel  ferrite  and  nickel- 
zinc  ferrite  ceramics  show  drastic  changes  at  low  temperatures  . Figure  19-5 
shows  the  results  for  NiQ  ^Fe^O^.  The  static  permeability  decreases;  the 

lower  dispersion  region  moves  to  lower  frequencies  and  becomes  very  broad  and 

Q 

diffuse;  the  absorption  region  near  10  cps  becomes  clearly  separated;  the  high- 

9 10 

frequency  dispersion  with  its  minimum  between  10  and  10  cycles  seems  to  re- 
main unaltered.  The  shift  of  the  peak  of  the  lower  absorption  region  obeys  the 
temperature  dependence  of  a relaxation  spectrum  governed  by  an  activation  energy 
of  ca.  0.13  ev. 

The  effect  of  lowering  the  temperature  on  the  nickel  ferrite  single  crystal 
is  similarly  striking.  While  down  to  about  - 80°C  the  situation  appears  practical- 
ly unchanged,  at  liquid  nitrogen  temperature,  the  change  corresponds  to  that 
described  for  the  ceramics.  The  lower  dispersion  region  it  obviously  due  to  wall 
motion  and  is  greatly  affected  by  an  activation  process.  At  -190°C  this  motion  is 
very  reduced  in  the  kilocycle  range  and  practically  suppressed  above  10*  cps 

(Fig.  19.  6).  Figures  19.  7 and  19.  B give  a detailed  representation  of  the  temper- 

3 5 * 

ature  dependence  for  10  and  3x10  cps  with  the  a-c  field  strength  as  parameter. 

44)  H.  P.  J.  Wijn  and  H.  van  der  Heide,  Revs.  Mod.  Fhys.  £5,  98  (1953). 

45)  J.  K.  Galt,  Bell  System  Tech.  J.  3_3,  1023  (1954);  34,  439  (1955). 

The  cro98-over  of  the  *'  curves  for  1 kc  is  caused  by  the  nonlinearity  of 

yn 

the  magnetization  charactt.i  isttc;  the  data  refer  to  the  fundamental  com- 
ponent of  the  magnetic  response,  and  at  22  amp./m  the  amplitude  is  already 
reaching  into  the  saturation  region. 
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Fig.  19.  7.  Permeability  measur ements  on  a single -cryBtul  toroid  of  nickel- 
ferrite,  measured  at  10^  ^ps,  as  a function  of  temperature. 

This  temperature  behavior  in  obviously  related  to  the  great  increase  in 

45) 

wall  "damping"  noted  in  nickel-iron  ferrite  by  Galt.  ' The  wall  motion  depends 
on  a thermal  activation  process;  the  walls  have  to  be  unhooked  In  order  for  them 
to  move.  Whether  this  unhooking  i?  done  by  direct  thermal  agitation  of  the  lattice 
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Fig.  IV , 8 , Permeability  measurements  on  a single  - cry sto  1 toroid  of  nickel 
ferrite,  measured  at  .txl O'  cps,  as  a function  i*f  temperature. 


or  by  electron  diffusion  due  to  thermal  activation,  can  not  be  decided  offhand. 

Both  oases  probably  occur. 

20.  Magnetostriction  as  a Cause  of  Dispersion  and  Absorption 
The  magnetic  moments  of  the  ferrites  stem,  as  far  as  is  known  today,  main- 
ly from  the  spin  moments  of  unpaired  3d  electrons.  Since  these  moments  reside 
in  individual  ions,  it  is  theoretically  feasible,  and  has  been  assumed,  that  the  spin 
system  of  the  electrons  can  be  turned  without  affecting  the  position  of  the  nuclei. 
Thus  one  speaks  about  the  energy  and  oscillations  of  this  spin  system  as  if  the 
magnetic  moments  were  assembled  in  free  space.  One  admits,  as  a perturbation, 
a spin-lattice  coupling  that  forces  upon  the  spin  array  the  crystal  symmetry  and 
is  reflected  in  the  magnetic  anisotropy  of  the  ferrite.  As  evidence  that  this  coup- 
ling is  only  a secondary  effect,  the  existence  of  isotropy  regions  is  cited,  where- 
in the  effect  of  the  lattice  on  the  spin  orientation  disappears.  In  magnetite  this 
occurs  at  about  - 140°C  (see  Fig.  19.1). 

An  isotropy  region  signifies  that  the  magnetic  energy  is  the  same  for  mag- 
netic moments  aligned  in  the  elementary  directions.  However,  once  a momentum 
oxIb  is  established  in  one  of  these  directions,  the  cubic  symmetry  is  actually  de- 
stroyed. One  may  therefore  observe  magnetostriction  even  in  isotropy  regions. 

If  the  spin  syBtem  is  always  coupled  to  the  lattice  system  in  Borne  degree, 
rapid  changes  in  the  magnetisation  direction  tend  to  set  up  lattice  vibrations.  The 
spin  system,  graphically  speaking,  is  coupled  to  a sound  box,  and  a dispersion 
region  will  arise,  determined  by  the  sound  velocity. 

Previously,  we  have  discussed  the  infrared  vibrations  of  the  lattice  with- 
out reference  tu  its  ferromagnetic  state  (cf.  Sec.  13).  This  was  Justified  because 
the  vibrations  in  molecular  groups  are  dominated  by  strong  electric  bonds  between 
the  elementary  particles.  In  ferromagnetism,  the  spontaneous  alignment  of  m.ig 
netic  spins  in  long  dipole  chains  produces  a long-range  order  with  the  ferromag- 
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netic  domain  as  its  elementary  unit.  This  unit  can  adjust  freely  to  orientation 
changes  of  the  magnetization  vector  only  when  the  magnetostricti ve  lattice  dis- 
tortion over  the  whole  length  of  the  domain  is  in  phase.  We  may  therefore  expect 
a dispersion  region  characterizing  the  transition  from  a "free"  to  a "clamped" 
domain  state.  For  a sound  velocity  of  about  5x10^  cm/sec.  this  dispersion  region 
might  lie  between  10^  and  10^  cps,  depending  on  the  domain  size.  If  this  effect 
is  of  importance,  one  would  expect  the  anisotropy  constants  obtained  from  quasi- 
static  measurements  on  single  crystals  to  differ  from  those  deduced  from  reso- 
nance experiments  at  microwave  frequencies,  where  the  lattice  can  be  regarded 
as  clamped.  No  reliable  evidence  on  this  point  exists  as  yet. 

21.  The  Dynamic  Response  of  a Ferromagnetic  Spin  System 
Let  ua  visualize  a ferromagnetic  d-main  as  a parallel  array  of  elementary 
magnets  held  in  a preferential  orientation  by  the  structure  of  a crystal  lattice. 

The  lowest  energy  atate  of  such  a ayBtem  would  be  classically  a rigid  parallelism 
of  all  the  spins;  quantum -mechanically,  a zero-point  energy  has  to  be  provided. 

At  higher  temperature,  a thermal  agitation  of  the  Bpin  system  occurs  which  cor- 
responds to  excitation  of  quantized  states,  each  state  corresponding  to  the  reversal 
of  a discrete  number  nf  spins.  Since  the  spins  are  coupled  by  otrong,  short-range 
exchange  forces,  the  flipping  over  of  a spin  to  an  antiparallel  position  may  require 
the  thermal  activation  energy  kTc  (Sil.l  ev)  of  the  Curie  temperature,  and  hence 
correspond  to  an  excited  state  in  the  infrared.  Less  energetic  ways  of  reducing 
the  total  magnetic  moment  exist.  These  are  the  so-called  "spin-wave"  states, 
which  may  be  looked  upon  as  the  excitation  of  standing  waves  in  the  spin  system., 
with  each  spin  tilted  by  a small  angle  with  respect  to  its  neighbors  in  a periodic 
way,  each  mode  being  characterized  by  a wave  number  k."^)  The  energy  neces- 
sary to  establish  such  a state  in  the  presence  of  an  external  field  11  is  given  by 
4fc)  F,  Keffer,  H.  Kaplan  and  V.  Yafet,  Am.  J.  Fhys.  ZL  Z5l)  (WaJ). 


i 

i; 

■i 

'} 


•i 

4 

i 

i * 


i I 


4 

i 

i 

a 


i 


- Ill  - 


Eg  = 2mp.QH  + Xk^,  where  gi  is  the  elementary  spin  moment,  and  X is  a factor 
proportional  to  the  exchange  energy  and  normally  of  the  order  of  10  ev  cm^. 

This  expression  is  only  applicable  at  very  low  temperatures  where  the  spin 
system  is  almost  completely  aligned,  but  in  general  we  may  say  that  the  permis- 
sible states  of  a ferromagnetic  system  extend  on  an  energy  scale  from  extremely 
low  values  to  excited  levels  corresponding  to  ..ergies  of  the  order  of  0.1  ev. 

With  each  of  these  states  there  is  associated  another  set  corresponding  to  the 
tipping  of  the  total  spin  vector  relative  to  an  external  field.  These  latter  levels 
are  separated,  in  the  absence  of  anisotropic  forces,  by  the  energy  difference 
hu  cs  hypQH. 

In  the  ferrites  special  resonance  effects  may  arise  due  to  the  existence  of 
magnetic  sublatticca.  It  seems  possible  that  the  antiferromagnetic  coupling 
produces  an  infrared  mode  which  corresponds  to  an  oscillation  of  the  sublattice 
Bpin  groups  against  each  other.  A calculation  for  nickel  ferrite*^'  leads  to  an 
expected  absorption  at  about  40  p.  At  still  higher  frequencies  the  dynamic  response 
of  the  ferromagnetic  state  ceases;  however,  the  existence  of  ferromagnetism  is 
still  felt  in  magneto-optical  effects.  For  example,  the  rotation  of  the  plane  of 
polarisation  in  the  Faraday  effect  fnr  ferromagnetics  is  greater  by  several  orders 
of  magnitude  in  comparison  with  paramagnetic  and  diamagnetic  materials.  This 
is  due  to  the  influence  of  the  spin  alignment  in  ferromagnetics  on  the  energy  of  the 
electronic  states  and  their  transition  probabilities. 

f 

7.2.  Bandwidth  of  Magnetic  Resonance  Spectra 
Ferromagnetic  resonance,  described  classically  as  a Larmor  precession 
resonance  (cf.  Sec.  4),  reduces  the  magnetisation  components  in  the  diretUu,. 

47)  C.  Kittsl,  Phys.  Rev.  ££.  565  (1961). 

48)  J.  Kaplan  and  C.  Kictcl,  J.  Chem.  Phys.  21,  760  (1953). 

49)  H.  R.  Hulme,  Proc.  Roy.  Soc.  (London)  A135,  237  (1932);  P,  N.  Argyrts, 
Phys.  Rev.  97,  334  (1955). 
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of  the  effective  field  by  quantized  amounts.  The  energy  is  absorbed  in  specific 
excited  spin  states  and,  if  not  re-radiated,  goes  over  into  the  total  spin  system 
raising  its  temperature  and  then  by  spin-lattice  coupling  into  the  thermal  agi- 
tation of  the  crystal  as  a whole.  If  this  energy  transfer  did  not  take  place,  the 


excitation  to  a definite  spin  state  would  be  observed  as  an  absorption  indicating 
by  its  half-width  or  Q the  natural  lifetime  of  the  excited  state^ 


(22.1) 


!f  the  lifetime  is  decreased  by  energy  transfer,  the  absorption  broadens. 

The  experimentally  observed  line  width  of  ferromagnetic  resonance  even 
in  single  crystals  is  very  much  larger  than  expected;  the  magnetic  line  width  at 
constant  frequency  being  of  the  order  of  4,  000  amp./m.  This  could  be  interpreted 
aa  indicating  a lifetime  of  the  order  of  10*^  sec. 

The  theoretical  difficulty  is  to  arrive  at  a plausible  model  of  coupling  be- 
tween the  various  spin-wave  states.  The  normal  exchange  energy  cannot  be  in- 
voked, since  it  is  isotropic,  that  is,  dees  rot  depend  on  the  magnetization  direc- 
tion. An  anisotropy  has  to  be  introduced  by  binding  the  individual  spin  to  the  aver- 
age direction  of  the  spin  array  in  its  surroundings.  This  seems  to  be  the  meaning 
of  the  approach  tried  by  Itlttel  and  Abrahams5'^,  which  couples  the  absorbing  state 
to  other  spin  wave  states  tightly  enough  to  account  foi  the  observed  line  width.  In 
the  same  model,  the  direct  coupling  between  the  absorbing  state  and  the  lattice 
would  seem  to  be  so  weak  that  the  line  width  due  to  it  is  about  10^  times  smaller 


than  observed. 

From  an  experimental  standpoint,  there  is  as  yet  no  conclusive  evidence  that 
the  low  Q la  really  produced  by  a damping  process.  It  is  still  quite  possible  that 
the  ferromagnetic  resonance  as  observed  consists  of  many  absorption  states  of 
narrow  line  width  and  is  thus  the  envelope  of  these  states  jusl  as  a vibration 


i'U)  A.  von  HippeL,  "Dielectrics  and  Waves,  " p.  166. 

51)  C.  Kittel  and  E.  Abrahams.  Revs.  Mod.  Fhys.  2^,  233  (1953). 
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resonance  is  broad  when  not  resolved  into  its  rotation  components. 

23.  Ferromagnetic  Research  and  Dielectric  Spectroscopy 
A fundamental  discussion  of  ferromagnetism  begins  with  the  origin  of  the 
magnetic  moments  and  their  distribution  in  space}  with  the  mutual  coupling  of 
these  moments  by  exchange  forces  leading  to  ferro-  and  antiferromagnetism;  and 
with  the  coupling  of  the  moments  to  the  crystal  lattice  resulting  in  crystal  anisot- 
ropy and  magnetostriction.  It  advances  to  a comprehension  of  the  ferromagnetic 
state  as  influenced  by  temperature,  field  strength,  pressure  and  composition.  The 
formation,  shape  and  arrangement  of  domains,  and  the  structure  and  dynamics  of 
the  domain  walls  emerge.  The  contrast  becomes  visible  between  the  ideal  struc- 
ture and  composition  of  single  crystals  and  their  real  structure  as  influenced  by 
the  conditions  of  preparation  and  handling.  The  complications  multiply  as  one 
proceeds  from  single  crystals  to  the  multicrystalline  array  of  ceramics  where 
structure,  composition  and  properties  are  at  the  mercy  of  fabrication  parameters. 
Finally,  the  insight  gained  should  suffice  for  the  tailoring  to  order  of  ferromag- 
netic materials  of  prescribed  characteristics. 

Obviously,  we  are  still  far  away  from  such  a thorough  understanding  of 
ferromagnetics.  Many  pieces  of  the  puzzle,  however,  have  been  identified,  and 
dielectric  spectroscopy  is  one  approach  of  assembling  them  in  their  proper  per- 
spective. We  visualize  the  elementary  spins,  coupled  by  strong  exchange  forceB 
and  organized  in  parallel  arrays,  sb  domains  separated  by  walls.  The  walls  con- 
sist of  transition  layers  of  spins  bridging  between  the  oriintations  of  the  abutting 
domains.  The  original  domain  pattern  torrrspnnds  to  a minimum  energy  con- 
stellation in  field-free  space.  When  a magnetic  field  is  applied,  a more  favorable 
domain  constellation  tends  to  develop  by  well  displacement,  by  the  creation  of  new 
walls  and  the  removal  of  existing  ones.  Simultaneously,  the  magnetization  vectors 
of  the  individual  domains  tend  to  reduce  their  deviation  from  the  field  direction  by 


- 114  - 


rotation. 

All  changes  in  spin  direction  proceed  by  attenuated  gyroscopic  motions. 

The  spins  of  a domain  act  in  the  lower  frequency  range  as  a rigidly  coupled  unit. 

Its  resultant  magnetization  vector  precesses  with  a Larmor  frequency  prescribed 
by  the  effective  magnetic  field.  This  effective  field  stems  from  a variety  of 
sources:  the  applied  field,  the  magnetic  anisotropy  and  magnetostrictive  effect 
of  strains  of  the  material,  the  shape  of  the  domains,  fields  created  by  surrounding 
domains  and  crystallite  boundaries,  and  moments  induced  by  the  precession  of  the 
magnetization  vectors.  In  consequence,  each  domain  in  its  individual  environment 
has  its  own  ferromagnetic  resonance  frequency  which  depends  also  on  the  relative 
orientation  between  domain  and  applied  field.  A wide  distribution  of  ferromagnetic 
resonance  frequencies  must  therefore  be  expected,  sensitive  to  and  varying  with 
'the  domain  pattern,  until  a dominating  external  field  enforces  a single  domain  status, 
liven  in  this  state,  the  broad  frequency  distribution  of  resonances  does  not  coalesce 
Into  a single  resonance  response,  unless  we  deal  with  a single  crystrd.  In  ceramics, 
a distribution  remains,  because  the  anisotropy  axes  of  the  crystallites  are  more  or 
less  randomly  distributed  and  hence  cause  local  variations  in  the  interned  fields  of 
the  order  of  2K^/uoM,  in  addition  to  inhomogeneous  strain  and  shape  effects. 

The  spins  of  a domain  wall,  in  contrast  to  those  of  a domain,  have  a com- 
mon orientation  and  precession  frequency  only  in  each  layer  parallel  to  the  wall. 

As  the  wall  moves,  the  angular  spin  velocity  of  each  layer  changes  depending  on 
its  position  and  reaches  a maximum  when  it  finds  itself  in  the  middle  of  the  wall. 
The  layers  are  strongly  coupled,  hence  no  ferromagnetic  resonance  can  develop, 
but  only  an  erecting  torque  that  pushes  the  wall  along.  Since  the  original  domain 
pattern  represents  ft  minimum  energy  constellation,  alternating  fields  of  small 
amplitude  will  produce  resonance  or  relaxation  vibrations  of  the  wails  around  this 
equilibrium  state.  The  resonance  frequency  or  relaxation  time  of  each  wall  depends 
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on  its  particular  surroundings,  and  these  wall  vibrations  are  coupled  more  or  less 
strongly.  In  consequence,  the  reversible  wall  vibrations  will  contribute  a broad 
spectrum  of  resonance  and/or  relaxation  states. 

Spin  resonances  and  reversible  harmonic  wall  vibrations  produce  a per- 
meability that  is  independent  of  field  strength.  A B-H  plot  with  the  driving  fre- 
quency as  parameter  shows  Lissajou  figures  containing  only  the  fundamental  fre- 
quency. As  the  amplitude  increases,  the  wall  motion  may  still  be  reversible,  but 
anharmonicity  terms  enter  and  add  even  harmonics.  Finally,  the  walls  will  begin 
to  break  loose,  new  walls  appear,  old  ones  disappear,  and  the  Lissajou  figures 
change  into  hysteresis  loops  characterized  by  odd  harmonics. 

The  remanent  magnetic  state  of  a material  can  be  realized  by  a variety  of 
domain  patterns,  each  one  of  them  representing  some  minimum  constellation  to 
which  the  sample  returns  according  to  its  prehistory.  Obviously,  some  of  these 
arrangmenta  correspond  to  lower  energy  states  than  others;  hence  there  is  a ten- 
dency to  approach  these  by  a long-time  readjustment  of  structure  and  composition, 
that  is,  by  "aging."  In  general,  activation  energies  intervene  and  some  premag- 
netized state  remains. 

The  two  dispersion  regions  caused  by  spin  resonance  and  by  domain-wall 
resonance  and/or  relaxation  overlap  and  there  is  no  a priori  necessity  that  the 
ferromagnetic  resonance  will  extend  to  higher  and  the  domain-wall  effects  to 
lower  frequency  regions.  Furthermore,  we  should  expect  that  both  spectra  are 
modified  by  a dispersion  phenomena  which  stems  from  the  magncto-elautic  coupl- 
ing. As  the  frequency  increases:  magnetostrictive  resonances  of  the  whole  sample, 
as  well  as  of  crystallites,  should  appear;  the  magnetization  in  the  individual  do- 
mains should  changp  from  thr  "frpp"  to  the  "clamped"  9tate;  and.  since  the  read- 
justment of  the  lattice  cannot  propagate  faster  than  the  velocity  of  sound,  the  do- 
main-wail motion  demanding  .iuch  readjustment  will  be  modified,  if  not  wholly 
prevented 
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Sound  velocity  must  create  a dispersion  at  high  frequencies  for  all  mag- 
netic phenomena  influenced  by  the  coupling  between  electron  spins  and  lattice. 

\ dispersion  region  must  develop  at  low  frequencies  in  which  electron  diffusion 
through  the  lattice,  for  example,  from  Fe3+  to  Fe2+  or  between  Mn2+,  Mn3+  and 
Mn4+  cations  alters  the  magnetic  - spin  arrangment  to  more  favorable  patterns, 
releases  caught  walls  and  leads  to  long-time  readjustments.  Obviously,  here  the 
interesting  possibility  exists  of  changing  the  magnetic  state  of  a material  with 
electric  fields. 

As  far  as  we  know  today,  these  four  effects:  spin  resonance;  wail  reso- 
nance and/or  relaxation;  coupling  between  magnetic  and  elastic  spectrum;  and 
their  modification  by  electron  diffusion,  shape  the  magnetic  Bpectra  in  the  elec- 
trical range. 

As  we  proceed  towards  the  optical  range,  polarisation  spectra  belonging 
to  loosely  bound  charge  carriers  begin  to  announce  themselves  and  spin-wavy 
resonances  may  occur  in  a yet  nearly  inaccessible  spectral  range.  Next  the  true 
lattice  vibrations  set  in  and  promise  some  detailed  information  about  the  cation 
distribution.  They  are  underlaid  and  followed  by  electronic  absorption  spectra, 
which  give  the  optical  binding  energies  of  the  electrons  in  the  crystal  structure, 
Here  an  intimate  link  exists  to  the  thermal  activation  energies  obtained  by  con- 
duction measurements  at  low  frequencies  as  well  as  to  the  cations  and  their  dis- 
tribution in  the  crystal  lattices. 

From  infrared  frequencies  upwards  the  ferromagnetic  state  as  such  can- 
not respond  to  electromagnetic  fields;  it  is  "frozen  in,  " but  its  existence  may  still 
be  detected  by  Far aday-effect  measurements.  The  Faraday  effect  in  the  micro- 
wave  range  informs  on  ferromagnetic  resonances  and  the  effective  field;  in  the 
optical  region  it  measures  the  influence  of  ferromagnetic  coupling  on  the  atomic 
and  the  electronic  polarization. 
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Finally,  X-ray  spectroscopy  terminates  the  electromagnetic  spectrum 
and  provides  data  on  crystal  structure  and  crystalline  phases,  electron  density 
maps  and  information  on  the  distribution  of  cations  over  the  various  lattice 
sites. 
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